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When materials are tailored for use at the nanoscale, thermophysical properties 
can deviate from their bulk values, and these phenomena are broadly referred to as 
nanoconfinement effects.  In thin films, one of the critical factors of nanoconfinement 
effects is interfacial interactions; as the film thickness decreases, the interfacial area to 
volume ratio increases dramatically, often causing interfacial effects to dominate the 
properties of the entire film.  As polymers continue to be leveraged in nanotechnology, 
from nanocomposites to lithography, understanding the effects of interfaces is highly 
desired. 
While numerous studies have revealed how thermophysical properties, (e.g., glass 
transition temperature (Tg), self-diffusion coefficient (D), and effective viscosity (eff) 
change with film thickness, correlations between these parameters are still unclear.  
Herein, the Tg, D, and eff are measured for a model system of unentangled poly(isobutyl 
methacrylate) (PiBMA, 16-300 nm thick) supported by SiOx.  The non-bulk-like 
correlation between Tg, D, and eff is successfully explained using a three-layer model.  
To further investigate the effect of confining interfaces, the Tg and D of PiBMA are 
studied for four multilayer geometries, where the interfacial interactions are varied from 




magnitude of the deviations depends on the polymer-substrate interactions.  A friction 
analysis reveals that this deviation originates from heterogeneous dynamics near the 
confining interfaces. 
Engineering interfaces between polymers and substrates is also crucial for BCP 
lithography, especially on non-traditional substrates (e.g. flexible or 2D materials).  In 
particular, precise control of the surface energy of the underlying substrate is required to 
produce lithographically useful structures, such as lamellar domains oriented 
perpendicular to the substrate.  In this study, polydopamine is first exploited as a 
universal adhesive to enable BCP nanopatterning on a variety of flexible materials.  In 
addition, we developed a potentially scalable graphene nanoribbon fabrication method 
using wetting-transparency assisted BCP lithography.  Lastly, inspired by the wetting 
transparency phenomenon, possible techniques to control the microdomain orientations 
of BCPs through thin layers are explored using a model bi-layer substrate made from 
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NANOCONFINEMENT EFFECTS ON THERMOPHYSICAL 
PROPERTIES OF THIN FILMS 
When materials are tailored for use at the nanoscale, material properties can 
deviate from their bulk values and these phenomena are broadly referred to as 
nanoconfinement effects.  Examples of properties that can be impacted by 
nanoconfinement effects include the glass transition temperature (Tg),
1-7
 viscosity (),8-11 
modulus,
12-14
 and self-diffusion coefficient (D),
15-17
 among others.  As polymers 
continue to be leveraged for use in nanotechnology applications, from nanocomposites to 
lithography, developing a more complete picture of how polymer mobility is influenced 
by nanoconfinement is highly desired. 
The origin of the nanoconfinement effect is convoluted by two factors: finite size 
effects and interfacial effects.
18
  The former is due to the intrinsic spatial restriction for 
nanoconfined materials while the latter is due to the higher surface area to volume ratio.  
Nanoconfinement can also be classified by the dimensions by which the molecules are 
restricted.
18
  Based on this definition, thin films are one-, nanofibers are two-, and 
nanocomposites are three-dimensional examples of nanoconfinement, respectively.  In 
this study, one-dimensional nanoconfinement in thin films is of primary interest because 
it is relatively easy to prepare well-controlled uniform samples with different interfaces. 
In Chapter 1, background for studying and understanding mobility of 
nanoconfined polymers is introduced.  To enable discussion of nanoconfinement effects, 
an overview of bulk relationships between thermophysical properties of interest (e.g., Tg, 
, and D) is first presented.  This overview additionally summarizes previous work on 




concludes by discussing current challenges for studying the effect of nanoconfinement on 
different thermophysical properties and presents the main objectives of this dissertation. 
Chapter 2 describes the development of a novel fluorescence technique to 
measure D in thin films.  Specifically, this section includes control experiments to 
account for the effects of self-quenching and photobleaching, which have often been 
overlooked.  This fluorescence-based methodology for evaluation of D could potentially 
be generalized to other polymer and non-polymer systems. 
The Tg, D, and effective viscosity (eff) are measured for a thin film system of 
unentangled poly(isobutyl methacrylate) (PiBMA) supported by SiOx in Chapter 3.  
Both the Tg and D were found to be independent of the film thickness, while eff 
decreased with decreasing film thickness.  A three-layer model, considering interfacial 
effects, successfully described this unique thickness dependence. 
The effects of interfaces on the relationship between Tg and D of unentangled 
PiBMA are investigated in Chapter 4.  The TgD relationship of the PiBMA thin films 
deviated from the bulk behavior, and the magnitude of the deviations depended on 
polymer/substrate interactions.  A friction analysis revealed that this deviation 





Chapter 1:  Introduction to mobility of nanoconfined polymers 
By understanding polymer dynamics on a range of length scales, prediction of 
physical properties, from glass to melt states and vice versa, becomes possible.  These 
relationships between various thermophysical properties are especially important for 
polymer processing because polymers are often processed in the melt state, but are used 
in the glassy state.  Interestingly, when the target material dimensions are smaller than a 
few hundred nanometers, nanoconfinement effects often must be taken into 
consideration.  First, Chapter 1.1 defines thermophysical properties such as the Tg,  
and D, which are the primary focus of this thesis because these properties are relatively 
well studied for both bulk polymers and thin films providing a basis for comparison.  
Then bulk relationships between those physical properties are described.  In Chapter 
1.2, prior works that have investigated Tg,  and D in thin films are reviewed, and current 
challenges in studying these parameters are discussed. 
1.1 CORRELATIONS BETWEEN THERMOPHYSICAL PROPERTIES IN BULK 
Prior to discussing nanoconfinement effects, correlations between the 
thermophysical properties of bulk polymers are summarized in this section.  In terms of 
dynamic length scale, Tg reflects the cooperative segmental mobility of 10s-100s repeat 
units, whereas D and  are related to the large-scale transport motion of the entire chain.  
As shown in Figure 1.1, Tg-D, and Tg- are related through the Williams-Landel-Ferry 
(WLF) equation
19
 as described in Chapter 1.1.1, while the D- relationship in bulk 






Figure 1.1: Schematic illustration of the bulk relationship between the Tg (glass 
transition temperature),  (viscosity), and the self-diffusion coefficient (D), 
where T is the absolute temperature, T0 is the reference temperature, and C1 
and C2 are the constants. 
1.1.1 Williams-Landel-Ferry equation 
The relationships of Tg- and Tg- D are well accepted in bulk systems through the 
WLF equation.
19-22
  The temperature dependence of and D can be described using a 
shift factor aT, corresponding to a ratio of the parameter of interest at the experimental 
temperature (T) to its value at a reference temperature (T0).
23
  In the case of , for 
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where, C1 and C2 are characteristic material constants (WLF equation).  In practice, both 





1.1.2 Stokes-Einstein relationship 
The SE equation describes the correlation between D and  via friction between 
molecules.  From a force balance between the chemical potential gradient and drag 
force, D can be written with the friction constant () between molecules as shown in Eq. 
1.3, where kB is the Boltzmann constant.
24
  Assuming the molecule behaves as a perfect 
sphere with a radius of R, D can be described as a function of , which is the well-known 
the SE equation (Eq. 1.4), where the friction constant  is the factor that relates D and . 






         (1.4) 
The SE equation is not valid for all conditions, and the deviation from this 
relationship is known as the “breakdown in the Stokes-Einstein relationship.”  Figure 
1.2 shows the relationship between D/T versus T/Tg for inorganic glass formers, 
tetracene and rubrene.
25
  If the Eq. 1.4 is valid, D/T should be invariant with 
temperature.  However, D/T starts to deviate as temperature approaches Tg, i.e. T/Tg → 






Figure 1.2: D/T versus T/Tg.  Solid squares and solid circles are D multiplied by /T, 
based on the D values from secondary ion mass spectrometry (SIMS) and 
nuclear magnetic resonance (NMR), respectively. The values measured by 
a rotational rheometer was adapted from Plazek et al.
26
  The D 
measurements are also shown for the two probe molecules in tris-
naphthylbenzene (TNB).  Open triangles and open squares represent 
tetracene and rubrene in TNB, respectively.  The molecular structures of 
tetracene and rubrene are shown in the inset.  Adapted with permission 
from Swallen et al.
25
  Copyright 2009, American Chemical Society. 
The breakdown of the SE relationship is often explained by a dynamic 
heterogeneity argument.
27, 28
  Figure 1.3 schematically illustrates the regions of spatially 
heterogeneous dynamics at different temperatures.  Near Tg, the characteristic sizes of 
slow (red) and fast (blue) domains with a size of het are estimated to be ~ 3 nm, and the 
time scales of the “slow” and “fast” regions differ by a range of 1-5 orders of 
magnitude.
28
  As temperature increases, het decreases and the difference in 
characteristic relaxation times decreases as well.  In other words, the dynamics of the 
polymer become more spatially homogeneous at higher temperatures.  Such dynamic 




including nuclear magnetic resonance (NMR),
29
 observing translation and rotation of 
fluorescent dyes,
30, 31





Figure 1.3: Schematic illustration of regions of spatially heterogeneous segmental 
dynamics near Tg.  These areas are on the order of ξhet in dimension 
(typically a few nanometers) and evolve in time. 
1.2 GLASS TRANSITION TEMPERATURE, VISCOSITY, AND SELF-DIFFUSION 
COEFFICIENT IN THIN FILMS 
1.2.1 Glass transition temperature 
Since 1994, when Keddie et al. observed a 20
o
C Tg depression in polystyrene (PS) 
thin films using ellipsometry,
1
 the effect of nanoconfinement on the Tg of polymer thin 
films have been extensively studied.
34, 35
  For the most well-studied system, PS 
supported on SiOx substrates, numerous studies have reported a decrease in Tg as the PS 
film thickness decreases below 50 nm
1-4, 36
 regardless of the measurement method, as 
shown in Figure 1.4.  This reduction in PS film Tg was attributed to a higher segmental 
mobility of the chains near the free surface, and the presence of a relatively weak 
interaction between the PS film and the SiOx substrate.
35, 37, 38
  More generally, 
interactions between polymer films and the neighboring substrates are also known to alter 
the dynamics of polymers.
39-43
  For instance, the strong interaction between poly(2-vinyl 
pyridine) and a SiOx substrate increases the film Tg by up to 40
o




interaction between PS and SiOx reduces the Tg by up to 40
o






Figure 1.4: Tg as a function of film thickness (h) measured for PS films of different 
molecular weight (MW) supported on a variety of substrates using six 
different techniques: ellipsometry, dielectric relaxation, X-ray reflectivity, 
positron annihilation lifetime spectroscopy (PALS), fluorescence intensity, 
and local thermal analysis.  Adapted with permission from Roth et al.
44
  
Copyright 2004, Elsevier B.V. 
1.2.2 Viscosity 
To elucidate nanoconfined polymer dynamics on longer length scales than those 
related to Tg, the  of polymer thin films has been extensively studied as well.
8, 9, 45-51
  





 capillary wave 
evolution,
9
 and capillary leveling.
10, 48
  For the PS/SiOx system, most studies
9, 46, 48
 
observed that eff decreased with decreasing film thickness, which is consistent with 
lower Tg in thin films.  For example, Figure 1.5 shows the low-shear eff of PS on a 




The decrease in eff was attributed to the lower  at the free surface,
46
 which was 





Figure 1.5: The low-shear effective viscosity of PS on SiOx/Si determined by kinetic 
analysis of film dewetting, which decreases appreciably with decreasing 
film thickness.  Adapted with permission from Masson et al.
46
  Copyright 
2002, American Physical Society. 
For the case of a stronger interaction between the polymer film and substrate, the 
dependence of  on thickness is not as simple as the case of PS on SiOx substrates.  For 
example, for poly(methyl methacrylate) (PMMA) thin films on SiOx substrates, the 
carbonyl group in PMMA can participate in hydrogen bonding with the SiOx substrate,
52
 
which is a stronger polymer-substrate interaction than that of PS on SiOx.  Due to the 
stronger polymer-substrate interaction, the Tg of PMMA on SiOx is reported to increase 
with a reduction of the PMMA film thickness.
8
  Li and Tsui et al. measured the eff of 
PMMA thin films using the capillary wave method, and showed that the thickness 
dependence of the eff varies depending on the temperature (Figure 1.6).
8
  At 
temperatures lower than ~105
o
C (= Tg,bulk + 23
o




with decreasing film thickness, while viscosity increased with decreasing film thickness 
at temperatures higher than ~ 105
o
C.  This complex behavior can not be described by 
the classical bulk understanding, such as that described by the WLF and the SE 
equations.  Thus, this non-trivial temperature dependence of the eff indicates the 
importance of studying interfaces more systematically. 
 
 
Figure 1.6: (a) Viscosity versus temperature for PMMA (MW = 2.7 kg/mol) films with 
different thicknesses as indicated in the legend.  The solid lines are the best 
fit to a three-layer model taking the effect of interfaces into account.  
Adapted with permission from Li et al.
8
  Copyright 2013, American 
Chemical Society. 
1.2.3 Self-diffusion coefficient 
Compared to Tg and the , fewer studies have been reported for D, presumably 
because a limited number of techniques are available to study this in thin films.  The D 
of thin films can be classified based on the direction of flow: out-of-plane (perpendicular 
to interfaces) and in-plane (parallel to interfaces).  For the out-of-plane direction, the D 




≈ 100 nm (≈ 13 Rg) using secondary ion mass spectrometry (SIMS), where Rg is the 
radius of gyration of the polymer.
17
  For the in-plane direction, fluorescence recovery 
after patterned photobleaching (FRAPP) measurements showed that the in-plane D of 
entangled PS was also reduced to half of the bulk D below a thickness of ≈ 150 nm (≈ 50 
Rg), as shown in Figure 1.7.
16
  These results suggest that the D in nanoconfined PS films 
is reduced in both the in-plane and out-of-plane directions, even though the Tg is lower.  
These observations contradict that expected from the bulk WLF and SE relationships.  
As has been reported in the previous studies of thin film Tg, the effect of interfacial 
interactions could play a critical role for thin film D as well.  However, systematic 
studies of the D of thin films with different interfaces have not yet been conducted. 
 
 
Figure 1.7: D as a function of PS film thickness.  The solid line represents the average 
of D measured in the thick film regime.  Adapted with permission from 
Frank et al.
16




1.2.3 Relationship between glass transition temperature, viscosity and self-
diffusion coefficient 
Reviewing the previous work on the PS thickness dependence of Tg,  and D, 
there are counterintuitive correlations between these parameters which clearly do not 
follow bulk relationships.  For example, assuming the WLF and the SE equations are 
valid for PS thin films, lower Tg with a reduction of the film thickness should result in 
lower  and higher D, which conflicts with experimental observation of lower D in PS 
thin films compared to bulk.
16, 17
  Potential interfacial effects between the thin film 
polymer and the confining interfaces are one explanation for such counter-intuitive 
correlations between Tg,  and D. 
In this dissertation, it is hypothesized that the Tg,  and D are influenced by 
nanoconfinement due to the heterogeneity of polymer dynamics (finite size effects) and 
interfacial interactions (interfacial effects) as shown in Figure 1.8.  The heterogeneous 
dynamics can induce deviations from typical bulk relationships between Tg, , and D.  
The finite size effect drastically increases the interfacial area to volume ratio of the 
system, and the interfaces could alter the spatially heterogeneous dynamics of the 






Figure 1.8: Schematic diagram of the effect of nanoconfinement on segmental polymer 
dynamics.  The segmental relaxation time of the blue domains is faster than 
that of the red domains. 
1.3  SUMMARY AND OBJECTIVES 
Despite over two decades of extensive studies on nanoconfinement effects, the 
relationship between parameters which characterize polymer dynamics on different 
length scales is still elusive.
36, 53
  In this study, it is hypothesized that confining 
interfaces could cause deviations from the bulk correlations based on the WLF and SE 
equations.  Challenges in exploring this complex relationship under nanoconfinement 
result from a number of parameters affecting the polymer dynamics, such as 
entanglements and interfacial interactions.  Entanglement density is known to 
significantly affect long-range polymer mobility,
54
 and it is also reported that the 
entanglement density could change with film thickness.
55, 56
  To circumvent issues of 
entanglements, a model polymer (unentangled PiBMA) is used in this study as a 
simplified system.  In addition, multilayer PiBMA thin film systems are designed to 
examine the influences of interfacial interactions systematically.  Correlations between 
Tg, , and D of the PiBMA thin films with different confining interfaces is measured and 
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Chapter 2:  Self-diffusion coefficient measurements by fluorescence 
recovery after patterned photobleaching 
2.1 BACKGROUND 
As discussed in Chapter 1, the self-diffusion coefficient (D) of nanoconfined 
polymer has been investigated far less compared to the glass transition temperature (Tg) 
and viscosity () due to a limited number of available methods.  Therefore, a more 
versatile methodology to measure D in thin films is strongly desired in order to 
understand nanoconfined polymer dynamics on different length scales.  This chapter 
reviews the development of fluorescence-based approaches for D measurement, and 
introduces a strategy to design experiments to measure D with smaller experimental 
error. 
2.1.1 Basics of fluorescence recovery after photobleaching 
Fluorescence recovery after photobleaching (FRAP) was developed in the 1970s by 
Axelrod et al. as a technique to measure the transport of fluorescently-labeled molecules 
in a living cell.
1, 2
  As shown in Figure 2.1, in-plane D (i.e., migration of a molecule 
parallel to the substrate) of a labeled molecule can be measured by observing the 
fluorescence intensity from an area of interest.  At t = 0, the area of the interest is 
bleached using a high-intensity light source, which decreases the fluorescence intensity 
from F(i) to F(0).  Here, i stands for initial before bleaching and 0 for t = 0.  As the 
unbleached molecules diffuse into the bleached region due to Brownian motion as a 
function of time, t, the intensity of the area of interest “recovers” to F(t = ∞) (≤ F(i)).  
The fluorescence intensity normalized by the initial intensity profile, f(t) = F(t)/F(i), can 
be described by Eq. 2.1 using the characteristic diffusion timeD (Eq. 2.2).  Here w is 
defined as the half-width of the bleached region, and K is the bleach constant 
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         (2.2) 
 
 
Figure 2.1: Schematic representation of FRAP.  Adapted with permission from Meyvis 
et al.
3
  Copyright 1999, Plenum Publishing Corporation. 
Several years after FRAP was introduced, Smith and McConnell et al. developed 
the next generation of FRAP: fluorescence recovery after patterned photobleaching 
(FRAPP).
4
  While the physical mechanism of the measurement is similar to FRAP, 
FRAPP generates additional data sets, for a given time interval, which reduces 
experimental error.  Figure 2.2 shows representative data from a FRAPP measurement 
on a 120 nm-thick poly(isobutyl methacrylate) (PiBMA) polymer thin film.  In this 
example, a photomask with a 25 m pitch size was placed on top of the fluorescently-
labeled PiBMA film.  The sample was then photobleached using a broadband light 
source (Figure 2.2 (a)), and placed on the heating stage.  The fluorescence intensity 
profile was observed as a function of time while the sample was annealed and 





































amplitude of the sinusoidal intensity (I(x,t),),  is the pitch size, and x0 and C are fitting 
parameters.  As self-diffusion of the labeled PiBMA proceeded into the bleached 
regions, A(t), the difference between the bleached and unbleached regions reduced, as 
shown in Figure 2.2 (b).  By fitting A(t) to Eq. 2.4, D and D can be obtained.  Here, the 
slope of ln[A(t)/A(0)] versus t in Figure 2.2 (c) corresponds to D
-1
 and therefore it is 
proportional to D (Eq. 2.5). 
      (2.3) 
    (2.4) 
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Figure 2.2: Schematic representation of FRAPP.  (a) Photobleaching and self-diffusion 
process of fluorescently labeled polymer.  The top images are sample 
fluorescence micrographs at each step where the bottom images are 
descriptions of the experimental setup.  (b) Fluorescence intensity profile 
along the x-axis in (a) at different times [I(x,t)].  (c) Ln[A(t)/A(0)] as a 
function of time as diffusion/fluorescence recovery proceeds.  The broken 
line represents the best fit from a linear regression, where the slope is 
proportional to the self-diffusion coefficient (D).  
2.1.2 Previous work using FRAP and FRAPP for thin films 
In this chapter, previous work relating to the measurement of D in polymer thin 




into two approaches based on how the fluorescent dye is incorporated into the polymer: 
1) free/doped dye
5-11
 and 2) dye covalently attached to the polymer.
12-16
  The first 
approach using free dye is simpler because there is no synthesis requirement to attach it 
to the polymer.  However, spatial segregation of the dye at the air/polymer or 
polymer/substrate interfaces may need to be considered.
11
  Also, the free dye approach 
reveals the segmental motion of the polymer rather than the entire chain motion,
6, 9
 the 
latter being the focus of this study. 
The second method, FRAP/FRAPP with dye covalently attached to the polymer, 
enables measuring D of the labeled polymer in thin films.  To our knowledge, FRAPP 







 and poly(methacrylic acid)/poly(2-
(dimethylamino) ethyl methacrylate) (PMA/PDMA) and in multi-layer configurations.
14, 
15, 17
  As described in Chapter 1.2.3, pioneering work using FRAPP was conducted by 
Frank et al. for a PS thin film on a SiOx substrate in 1996, and the thinnest film they 
measured was 50 nm.
12
  Wong and Granick et al. also developed a FRAP system with a 
surface force apparatus for in-situ thickness measurement for PDMS down to 1.8 nm 
thick.  Lastly, Katzenstein et al. applied FRAPP to PiBMA on SiO2 substrates, and 
successfully reported D values down to 30 nm thick films.
13
 
2.1.3 Current challenges for FRAPP in thin films 
As reviewed in Chapter 2.1.2, FRAPP measurements can be used to determine D 
for thin films where nanoconfinement becomes more significant as the thickness 
decreases.  The main challenges for applying FRAPP to thin films are signal-to-noise 
ratio and maintaining the accuracy of the measurement.  As a film becomes thinner, 




decreases.  At the same time, the most critical assumption of FRAPP that there is a 
linear relationship between fluorophore concentration and the fluorescent intensity must 
be valid.  In ultrathin films, the consequences of deviations from this linear relationship 
become more significant than that of thick films.  In order to conduct accurate FRAPP 
measurements in thin films, extra attention must be paid to ensure this linear relationship 
while maximizing the signal-to-noise ratio. 
2.2 EXPERIMENTAL 
2.2.1 Materials 
In this study, PiBMA was used as a model polymer as described in previous 
work.
13
  Nearly monodisperse and labeled PiBMA was synthesized using a dye-labeled 
(nitrobenzofrazan, NBD) initiator for activators regenerated by electron transfer atom 
transfer radical polymerization as described in Katzenstein et.al.
13
  Unlabeled PiBMA 
analogs were synthesized with initiators lacking NBD substituents.  The absolute 
molecular weight was determined using gel permeation chromatography as follows: 
unlabeled PiBMA: Mn = 10.0 kg/mol, Đ = 1.06, NBD-labeled PiBMA (PiBMA-NBD): 
Mn = 12.2 kg/mol, Đ = 1.18.  To avoid fluorescence self-quenching
18
 of NBD, unlabeled 
PiBMA and PiBMA-NBD were mixed such that the total concentration of NBD in the 
polymer film was lower than 0.18 wt%.  PiBMA films were spin-coated from n-butanol 
(1.0 - 8.0 wt% solids, 1800-3800 rpm) onto polished quartz substrates.  The films were 
annealed for 20 min under vacuum at 120
o
C (Tg,PiBMA + 62
o
C) to remove residual stress 
and solvent. 
2.2.2 FRAPP experimental setup 
FRAPP measurements were conducted following the procedure discussed in 
Chapter 2.1.2 and a previous report.
13




pass) for photobleaching were purchased from Edmund Optics.  The polymer film 
sample was photobleached using a broadband (300 – 700 nm) light source (Optical 
Building Blocks Scope Lite 200) with a light intensity of 10 mW/cm
2
 for 150 sec.  The 
resulting film fluorescence intensity profile was observed using an Olympus BX 51 
epifluorescence microscope attached to a Photon Technologies Quanta Master 40 
fluorimeter.  The excitation wavelength was 445 nm while the emission wavelength was 
> 520 nm. 





The specimens were placed on a hot stage at the measurement temperature for 4 min 
prior to each measurement to attain thermal equilibrium.  During the FRAPP 
measurements, argon was purged slowly over the sample to avoid quenching by 
oxygen,
19
 as described in the following chapters. 
2.3 CONTROL EXPERIMENTS FOR FRAPP MEASUREMENTS 
2.3.1 Pitch size of the photomask 
As was shown in Eq. 2.5, the characteristic decay time of the intensity profile for 
a given D depends on the pitch size of the photomask, , and this relationship is 
commonly used to confirm successful FRAPP measurements.
20
  In our system, FRAPP 
experiments were performed with pitch sizes of 10.0, 12.5, 20.0 and 25.0 m as shown in 
Figure 2.3.  The solid line is a best-fit line using linear regression, and the slope is 
proportional to 1/D.  Due to slower diffusion at lower temperatures, data sets at 80
o
C 
exhibit a steeper slope.  This linear relationship is characteristic of the diffusion of 
irreversibly bleached fluorophores with a single decay time, D.
20
  Also, these 
measurements are useful for determining a suitable  for conducting FRAPP 





Figure 2.3: Characteristic decay time of the fluorescent pattern (D) versus (pitch size)
2
 
(2) at 80oC (red, square) and 106oC (blue, diamond) with 120 nm thick 
PiBMA films.  The solid lines are best-fit lines from linear regression. 
2.3.2 Sources of detrimental fluorescence intensity loss 
2.3.2.1 Potential fluorescence intensity quenchers 
As discussed in Chapter 2.1.3, the most important assumption for FRAPP 
measurements is that the fluorescence intensity is linear with the concentration of 
fluorophore; however, the so-called “quenching” effect limits the validity of this 
assumption.  A variety of molecular interactions, including energy transfer and collision 
between molecules, can cause fluorescence quenching.
21
  In the case of NBD and 
PiBMA in this study, the primary source of quenching is due to collisions between NBD 
and oxygen, residual metals or PiBMA.  In the coming two sections, two intensity loss 
factors will be discussed in detail: 1) quenching of NBD itself, i.e. self-quenching, which 
is intrinsic to the system and avoidable by controlling NBD concentration, and 2) steady, 




2.3.2.2 Intensity loss due to self-quenching 
In order to avoid self-quenching, the concentration of NBD should be lower than 
a threshold value, but reducing NBD concentrations may also result in insufficient 
intensity.  Thus, determining the threshold concentration is critical for FRAPP 
measurements to achieve the highest signal without self-quenching.  The threshold NBD 
concentration was evaluated by measuring the fluorescence intensity of 120 ± 5 nm thick 
PiBMA films with different ratios of unlabeled PiBMA to labeled PiBMA, i.e. PiBMA-
NBD.  Figure 2.4 (a) shows a representative fluorescence micrograph of the PiBMA 
film at the measurement temperature, 106
o
C.  By averaging the intensity of the squared 
area and then normalizing by the thickness, a normalized gray value is determined and 
plotted against the wt% NBD based on total PiBMA, as shown in Figure 2.4 (b).  When 
the NBD concentration is lower than 0.18 wt%, a linear relationship between the NBD 
concentration and the normalized gray value is observed.  Thus, this experiment 







Figure 2.4: (a) Fluorescence micrograph of the film.  (b) The gray value normalized by 
film thickness versus the wt% NBD in total PiBMA.  The dashed line 
shows the linear relationship between NBD content and the normalized gray 
value.  The maximum NBD amount, or threshold concentration, to be 
incorporated in PiBMA to avoid self-quenching is 0.18 wt%. 
The effect of self-quenching on D measurements was simulated in a model system 
as shown in Figure 2.5.  In this model system, the “no self-quenching” case assumes that 
the dye concentration (c) is linear with the fluorescence intensity (I), while the “self-
quenching” case assumes a hyperbolic function, I = tanh(c).  It is assumed that both 
cases exhibit the same D, and therefore D.  Figure 2.5 (a) shows the relationship 
between c and the intensity I.  Based on this relationship, the sinusoidal photobleached 
profile at t = 0 was calculated as shown in Figure 2.5 (b) using Eq. 2.3.  The initial 
intensity profile, I(x, t = 0) of the self-quenched sample exhibits an asymmetric intensity 
profile, which was not seen in the “no self-quenching” sample.  Based on I(x, t = 0), Eq. 
2.4 and 2.5 yield the time development of I(x,t) for “no self-quenching” and “self-






Figure 2.5: (a) Fluorescence intensity versus concentration of dye for self-quenching 
and no self-quenching cases.  (b) Initial intensity profile.  Changes in the 
intensity profile as a function of normalized time (t/D) for the cases of (c) 
no self-quenching and (d) self-quenching. 
The apparent D was calculated based on the amplitude of the intensity profile, 
A(t) as a function of normalized time by D.  As shown in Figure 2.6 (a), even though 
these two systems exhibit the same D, the recovery of the A(t) of the self-quenched 
sample is faster than the “no self-quenching” sample.  In fact, when the recovery of A(t) 




quenching sample is 1.6 times larger than the “no self-quenching sample” as shown in 
Figure 2.6 (b).  Also, due to an asymmetric initial concentration profile in Figure 2.6 (b), 
the time variation of ln[A(t)/A(0)] is nonlinear for the self-quenching sample.  This 
calculation demonstrates the importance to avoiding self-quenching for accurate D 
measurements using FRAPP. 
 
 
Figure 2.6: (a) Time development of the amplitude of the sinusoidal photobleaching 
pattern (A(t)) normalized by A(0) of the “no self-quenching” (blue diamond) 
and “self-quenching” (red square) samples.  (b) Natural log plot of (a).  
The solid blue line and broken red lines are best fits using linear regression 
for no self-quenching and self-quenching samples, respectively. 
2.3.2.3 Steady, long-term intensity loss 
In addition to self-quenching, steady, long-term intensity loss can also lead to 
inaccurate diffusion measurements.  Dynamic quenching can contribute to this behavior 
and it can be caused by collisions with oxygen, residual metals from the synthesis 
catalyst, and PiBMA.
21
  To study the effect of the long-term intensity loss, 120 nm-thick 




does not have PiBMA, and is therefore used as a dark reference.  Figure 2.7 (a) shows 
the intensity decay as a function of imaging time, indicating that purging with argon 
significantly alleviates the reduction in intensity due to dynamic quenching by oxygen. 
Also, bleaching by the excitation light from the fluorescent microscope can be an 
issue, depending on the excitation intensity.  The imaging time should be minimized to 
avoid bleaching, while also holding the total imaging time constant (i.e., total imaging 
time = [imaging time/scan] × n, where n is a number of images), to allow direct 
comparison between samples.  In our system, the typical imaging time was 10 sec, 
which yielded an acceptable signal-noise ratio, and the total number of images was 18, 
giving a total imaging time of 180 sec.  Figure 2.7 (b) shows the intensity decay due to 
both dynamic quenching and unintentional bleaching from the microscope light source, 
which corresponds to a 5×10
-4
 loss in intensity over time with argon purging.  We 
would like to note that unintentional bleaching becomes more severe with larger 
magnification lenses and higher temperatures.  In our case, the use of a 100× 
magnification lens resulted in an unacceptable bleaching of intensity during imaging of 






Figure 2.7: (a) Normalized gray value as a function of imaging time.  The intensity of 
the scratched area (no PiBMA-NBD) of the sample under air was used as a 
dark reference.  The error bars correspond to standard deviations of the 
gray value for 400 pixels area.  (b) Intensity change as a function of time 
under light exposure at 106
o
C (measurement temperature) with argon 
purging.  180 sec corresponds to the actual total imaging time during 
FRAPP measurements. 
2.3.3 Signal-to-noise ratio 
For polymer thin films, the signal-to-noise ratio is often the main reason for the 
larger error bars, because the signal-to-noise ratio becomes smaller as the film thickness 
decreases.  The noise level in our system is shown in Figure 2.8 (a) and (b).  At a 
measurement temperature of 106
o
C, the average intensity of a 120 nm-thick PiBMA film 
along the x- and y-axis was recorded.  From the intensity profile, the noise level was 
determined as 0.5 gray value.  This measurement is also important in order to ensure the 






Figure 2.8: Intensity profile of a 120 nm thick PiBMA film along (a) x-axis and (b) y-
axis at the measurement temperature, 106
o
C. 
As the lowest signal-to-noise ratio, the intensity profile of an 18 nm-thick PiBMA 
film at 106
o
C is shown in Figure 2.9.  The noise level of 0.5 gray value corresponds to a 
value of 1×10
-3
 when normalized by the highest value, while the corresponding signal, 
i.e. A(t), is 6×10
-3
, is roughly the smallest signal-to-noise ratio used to conduct FRAPP 
measurements in this study.  Also, we would like to note that the intensity decay due to 
the long-term intensity loss described in Chapter 2.3.2.3 was 5×10
-4
, which is negligible 




FRAPP measurements for ultrathin films, and typically, the signal-to-noise ratio 
determines the lower limit of the film thickness. 
 
 
Figure 2.9: Intensity profile of an 18 nm-thick PiBMA thin film. 
2.3.4 Polymer/substrate interactions 
As was discussed in Chapter 1.2, polymer-substrate interactions can influence 
polymer dynamics, including D.  The effect of interfaces could result in multiple D 
values or even a continuous distribution of D values depending on the location of the 
polymer in the film, such as at the air-polymer surface and polymer-substrate interface.
16
  
For instance, Jourdainne et al. reported non-linear decay of fluorescence intensity of 
poly(L-lysine)/hyaluronic acid multilayers (Figure 2.10 (a)), and extracted two D values 
using a Laplace transform (Figure 2.10 (b)).  This analysis could be very insightful for 






Figure 2.10: (a) Typical fluorescence recovery data of poly(L-lysine)/hyaluronic acid 
multilayers.  The main figure is plotted on a log-log scale in order to 
enhance the short time region.  The line represents the best fit obtained by 
using a double exponential decay law.  The insert shows the same data on a 
linear-linear scale.  (b) Analysis of data in terms of its inverse Laplace 
transform.  A two-peak time distribution is observed, in agreement with a 
two-exponential decay.  Adapted with permission from Jourdainne et al.
22
  
Copyright 2008, American Chemical Society. 
Also, the selection of the polymer film’s substrate is non-trivial.  It is well-
known that polymer can form an irreversibly adsorbed layer at the polymer-substrate 
interface.
23
  Assuming these layers are completely immobilized, the FRAPP method will 
not detect a change in the intensity profile from these regions.  Furthermore, the 
adsorbing process of the polymer chain has its own kinetics, which is difficult to 
differentiate from self-diffusion of the polymer.  Therefore, it is better to avoid using 






The challenge for FRAPP measurements of thin polymer films is mainly the low 
signal-to-noise ratio.  A strategy to improve the signal-to-noise ratio is summarized in 
Figure 2.11.  Temperature, imaging time, and dye concentration are the available 
adjustable parameters and these parameters improve the signal-to-noise ratio with values 
that lie towards the right-hand side of Figure 2.11 (a), while each parameter has a trade-
off shown under the potential issues listed in Figure 2.11 (b).  By balancing these 
parameters, we may be able to achieve D measurements in thin films, even thinner than 
10 nm.  Also, implementing more advanced optics, such as a confocal microscope, may 
allow smaller pitch sizes in the bleaching pattern to be realized to measure extremely 
slow self-diffusion at lower temperatures. 
 
 
Figure 2.11: (a) Adjustable parameters and (b) associated potential issues to obtain a high 
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Chapter 3:  Glass transition temperature, self-diffusion coefficient, and 
effective viscosity of polymer thin films 
3.1 INTRODUCTION 
Nanoconfined polymer films with thickness in the range of ~1-100 nm often 
exhibit physical properties different from the bulk as was reviewed in Chapter 1.  These 







 effective viscosity (ηeff), 
15-19
 and so on.  While many of these 
observations can be rationalized by assuming that the free surface causes the local 
dynamics to speed up and the substrate surface causes the local dynamics to slow down, 
some observations remain unexplainable.  A long-standing question concerns the 





polystyrene (PS) films supported by silica (SiOx) (PS/SiOx).  Specifically, both the 
Tg(h0) and D(h0) of these films exhibit reductions with decreasing h0.  Straightforward 
interpretation of the Tg(h0) would suggest that the dynamics of the films are dominated by 
the free surface, but that of D(h0) would imply that the substrate surface dominates.  
Given that the glass transition involves cooperative, local motions of the chain segments 
4, 21-23
 while D involves large-scale translational motions of the whole chains, it is thus 
perceivable that the Tg and D may exhibit different thickness dependences.  But recent 
studies found that the ηeff of PS/SiOx decreased with decreasing h0 over polymer 
molecular weights (MW) from 2.4 to 2,300 kg/mol.
15, 17
  Both D and ηeff describe 
transport phenomena of the polymer chain in the films and are known to depend on the 
same sort of local dynamic properties, namely the local segmental friction 
coefficients.
11,17
  It is then unclear why D and ηeff displayed seemingly inconsistent h0 
dependences.  In the present study, we simultaneously studied the effects of 




supported by silica (PiBMA/SiOx).  Previous experiments showed that the Tg of 
PiBMA/SiOx was independent of h0,
13, 24
 which is different from PS/SiOx.  From the 
perspective of this study, the different behavior of these two systems is viewed as an 
advantage that will enable the development of better insight about the general 
phenomenon.  Ye et al. reconciled the incompatible depressions in Tg using inelastic 
neutron scattering (INS) characterizing segmental mobility of PS prepared on a SiOx 
substrate.
25





>/3] where q is the neutron wave vector) was ~5 ns, which clearly more strongly 




  They 
also noted that there can be contamination of the nanosecond <u
2
> by incipient relaxation 
processes.
25
  In this study, we seek reconciliation between dynamics with similar time-
scales and quantitative descriptions thereof. 
3.2 MATERIALS AND METHODS 
3.2.1 Sample preparation 
All chemicals were purchased from Fisher Scientific, Sigma-Aldrich or Alfa 
Aesar, and used as received unless otherwise noted.  To enable D measurements of the 
PiBMA/SiOx sample films by fluorescence recovery after patterned photobleaching 
(FRAPP), the fluorescent dye molecule nitrobenzofurazan (NBD) was covalently bonded 
to PiBMA as an end group forming PiBMA-NBD by following published procedures.
13
  
In short, NBD-labeled initiator was synthesized by attaching 4-chloro-7-
nitrobenzofurazan (NBD-Cl) to ethyl α-bromoisobutyrate (EBIB).  Atom-transfer 
radical-polymerization (ATRP) was used to synthesize both PiBMA-NBD and PiBMA 
by using the NBD-labeled initiator (EBIB-NBD) and unlabeled initiator (EBIB), 
respectively.
13, 26




alumina column at least three times to remove residual copper catalyst.  PiBMA-NBD 
was precipitated in a 1:1 deionized water/acetonitrile solution ten times to remove 
unattached NBD.  The unlabeled PiBMA was precipitated three times.  Both the 
PiBMA-NBD and PiBMA were freeze dried from benzene after precipitation.  The 
absolute MW was measured using a Viscotek GPCMax VE 2001 Gel Permeation 
Chromatography (GPC) equipped with a Viscotek Model 270 Dual viscometer/light 
scattering detector, and a Viscotek VE 3580 refractive index detector and two I-series 
mixed bed low-MW columns in which tetrahydrofuran (THF) was used as an eluent at a 
flow rate of 1 mL/min.  Complete removal of the unattached NBD was confirmed by the 
use of a fluorescence detector (Jasco FP-2020; excitation = 465 nm, emission = 520 nm) 
attached to the GPC showing no small-molecule fluorescence peak from unattached 
NBD. 
The number-average molecular weight (Mn) of the synthesized PiBMA-NBD was 
Mn = 12.2 kg/mol, with Đ = 1.18, and that of the unlabeled PiBMA was Mn = 10.0 
kg/mol, with Đ = 1.06.  The MWs of PiBMA used in this study were smaller than 
entanglement MW of PiBMA, ~28 kg/mol,
27
 therefore these polymers are unentangled.  
The radius of gyration (Rg) of the neat PiBMA was ~1.5 nm.
28
  In this study, the 
unlabeled PiBMA was used for Tg measurements because previous study 
13
 showed that 
the PiBMA-NBD and unlabeled PiBMA exhibited the same Tg within experimental 
uncertainty.  For the FRAPP experiments, a mixture of unlabeled PiBMA and PiBMA-
NBD with a NBD content lower than 0.18 wt% was used to avoid self-quenching as is 
described in Chapter 2.  For consistency, PiBMA and PiBMA-NBD mixtures with the 
same NBD content were used for ηeff measurements as well. 
Prior to spincoating, polymer solutions were filtered through 0.2 m pore-size 




solutions (1.0 - 8.0 wt%) were spincoated on quartz (for FRAPP measurements) or Si 
wafers containing a native oxide layer (for Tg and ηeff measurements) at spinning speeds 
of 1800 - 3800 rpm.  For the PS films, PS/toluene solutions (0.15 – 3.0 wt%) were spin-
cast on oxide-coated Si at spinning speeds of 1900 - 4000 rpm. For FRAPP and Tg 
measurements, the substrates were cleaned by soaking in a mixture of potassium 
hydroxide, deionized water and ethanol solution in a 1:1:8 weight ratio, and then rinsed 
with deionized water and THF at least three times.  Afterward, the PiBMA films were 
annealed under vacuum at 120
o
C (= Tg,bulk + 62
o
C) for 20 min to remove residual stress 
and solvent before FRAPP or Tg measurements.  For ηeff measurements, the substrates 
were first cleaned in a mixture of sulfuric acid and hydrogen peroxide in a 7:3 volume 
ratio at 130°C for 20 min.  Then the substrates were thoroughly rinsed in deionized 
water and dried with 99.99 % pure nitrogen gas.  Afterward the substrates were further 
cleaned in oxygen plasma for 20 min.  The two slightly different substrate treatment 
methods were found to produce the same measurement result for D within experimental 
errors and so should not affect our conclusion about the D-ηeff relationship. 
3.2.2 Glass transition temperature measurements by ellipsometry 
The Tg of silica-supported PiBMA films was measured using spectroscopic 
ellipsometry.  Figure 3.1 shows representative temperature dependence of PiBMA 
thickness data obtained from two PiBMA/SiOx films with a thickness of (a) 140 nm and 
(b) 17 nm at 25
o
C.  Because the local slope of the data shown in Figure 3.1 corresponds 
to the thermal expansion coefficients, the Tg can be determined using Eq. A.1 in 
Appendix A to be the point where the slope transitions between the glassy and rubbery 
state.  As shown in Figure 3.1 (a), the Tg of the 140 nm thick film was 58.6  1
o
C, which 
was the same as its bulk value (Tg,bulk = 58.0  0.1
o




during second heat at a heating rate of 10
o
C/min) as determined by differential scanning 
calorimetry (DSC; Mettler Toledo DSC1).  Similarly, Figure 3.1 (b) shows that the Tg of 
the 17 nm thick film was 57.8  1
o
C, which agreed with the value of Tg,bulk within 
experimental uncertainty.  The  1
o
C error was typical for Tg measurements by 
ellipsometry,
29




Figure 3.1: Representative Tg measurements of PiBMA/SiOx as obtained by 
ellipsometry at a cooling rate of 2
o
C/min.  The thickness of PiBMA at 
25
o
C was (a) 140 nm and (b) 17 nm.  The arrows correspond to the Tg of 
the films obtained by fitting the data to an empirical equation, Eq. A.1 in 
Appendix A.  The best-fit lines are shown by the smooth dashed lines.  




C for (a) and (b), 
respectively. 
3.2.3 Self-diffusion coefficient measurements by FRAPP 
The in-plane self-diffusion coefficient, D, of silica-supported PiBMA films was 
measured using FRAPP, where temporal decays of a micron-scale photobleached fringe 
pattern previously applied to the films were monitored.  The methodology employed in 
this study is similar to that used before.
13




Chapter 2.2.2.  In essence, there are two steps: (1) Photo-bleach the sample and then (2) 
monitor the self-diffusion process.  In the first step, a photo mask containing equally 
sized chrome lines and spaces with 20 m pitch (Edmund Optics) was placed on top of 
the films with a 360 nm long-pass filter to avoid undesirable photochemical reactions. 
The sample was photobleached using a broadband (wavelength range of 300 – 600 nm) 
light source (Optical Building Blocks ScopeLite 200).  Figure 3.2 (a) and (b) show the 
fluorescence micrograph of the sample film and the corresponding sinusoidal intensity 
profile, respectively, after photobleaching.  In Figure 3.2 (a), the photobleached regions 
appear darker than the unbleached regions while the film surface is topologically flat as 
confirmed by bright-field optical microscopy.  The intensity profile was fit to the 
sinusoidal function of Eq. 2.4 in Chapter 2,
13
 from which the amplitude of the intensity 
profile (A(t = 0)) was determined.  The second step involves monitoring the temporal 
evolution of self-diffusion under thermal activation.  In the experiment, the specimen 
was placed on a hot stage (Linkham TMS91) where self-diffusion measurements were 
conducted at 106
o
C (= Tg,bulk + 48
o
C) in an environment of slowly flowing argon gas to 
avoid quenching by oxygen.  Before the experiment, the specimen was kept at the 
measurement temperature in the presence of argon gas for 4 min to attain thermal 
equilibrium.  As the self-diffusion process proceeds, the intensity difference between the 
bleached and unbleached regions becomes smaller, which corresponds to a decrease of 
A(t) with time.  Figure 3.2 (c) shows the time variation of the normalized intensity 
amplitude, A(t)/A0, for 120 nm and 19 nm thick PiBMA films. The slope of ln(A(t)/A0) 
versus time is proportional to D, where A0 represents the A value at t = 0.  It is apparent 
from the 120 nm and 19 nm thick film data that the value of D is independent of the film 








Figure 3.2: (a) Fluorescence micrograph of a 120 nm thick PiBMA/SiOX film after 
photobleaching.  The total width of the image is 80 m and the pitch size is 
20 m.  (b) Normalized intensity plotted as a function of position along the 
x-axis.  This profile can be fit with a sinusoidal function with an amplitude 
of A(t).  (c) Representative fluorescence amplitude decays from 120 nm 
(open symbols) and 19 nm (filled symbols) PiBMA films obtained at the 
same pitch size and temperature of 106
o
C (= Tg, bulk + 48
o
C).  The time 
variation of the intensity amplitude A(t) was normalized by that at t = 0 
denoted as A0. The solid and dashed line denote the best fit to the 120 nm 
and 19 nm film data, respectively, using Eq. 2.4. 
3.2.4 Effective viscosity measurements by atomic force microscopy  
The mobility (Mtot) of a film or equivalently its effective viscosity (ηeff) was 
determined by monitoring the power spectral density (PSD) of the film at different times 
upon annealing it at the measurement temperature.  To determine the PSD, we measured 
the surface topography of the film using tapping-mode atomic force microscopy (AFM).  
The surface topography profile was then multiplied by a Welch function, Fourier-
transformed and subsequently radial-averaged to produce the PSD.
30, 31
  Further details 
of the procedure can be found in the Appendix A.3. 
As noted above, the PiBMA films are unentangled and so they are Newtonian-
like.  In the case of the PS films, the MW was just above the characteristic MW for 
entanglement dynamics (namely, ≈ 31 kg/mol.
32
).  Since the measurement temperature 
was 40
o




seconds, the probed dynamics should also be Newtonian-like.  For Newtonian liquid 
films, the time (t) varying PSD are describable by Eq. 3.1 and 3.2.
15, 30, 33, 34
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where, 
2 2 2 4
tot 0( ) ( ( ) / )M d G h dh q q     q     (3.2) 
Here, A
2
q(t) denotes the PSD, q is the wavevector and q  |q|, kB is the Boltzmann 
constant, T is the measurement temperature in degrees Kelvin, γ is the surface tension, h0 
is the average thickness of the film, G(h0) is the van der Waals potential, and Mtot is the 
mobility of the film.
15, 34
  If the no-slip boundary condition applies at the substrate 
surface and the film possesses no dynamic heterogeneity or the viscosity η is spatially 
uniform, one can show that Mtot = h0
3
/(3η).  This relation allows the viscosity of a 




  But 
in general, the viscosity may vary within the film depth
15
 and the no-slip condition may 
not apply.
17
  We define ηeff by using the same expression in Eq. 3.3, where ηeff 
represents the average flow behavior of the film. 
ηeff  h0
3
/(3Mtot)        (3.3) 
Figure 3.3 shows two representative sequences of PSD, both taken from PiBMA films at 
106
o
C.  One has h0 = 10 nm (Figure 3.3 (a)), and the other has h0 = 120 nm (Figure 3 
(b)).  The circles (○) denote the experimental data and the solid lines denote the best fit 
to Eq. 3.1.  In analyzing the data, we first fit the high-q portion of the PSD (namely the 
portion where different PSDs overlap) to Aq→∞(t) = kBT/(q
2
), which enabled 
determination of the value of .  Then, the whole sequence of PSD was fit by only 
varying the value of Mtot, while fixing  to the value just determined and the values of T 






), following a previous work,
35
 where AHam(h0) is the Hamaker 
function.  For the PiBMA films, we adopted a constant value of 1  10
-19
 J for AHam(h0) 
based on Zhao et al.’s work
36
 as discussed in Appendix A.3.  From the fit lines shown in 
Figure 3.3, one can see that the model describes the data well.  By using this method, 
eff of both the labeled (PiBMA-NBD/SiOx) and unlabeled (PiBMA/SiOx) films was 
measured.  No discernible difference could be found between the measured eff. 
 
 
Figure 3.3: Illustration of the experimental data and model used to determine the 
effective viscosity (ηeff).  The circles (○) represent the power spectral 
density (PSD) obtained from PiBMA/SiOx films with (a) h0 = 10 nm and (b) 
120 nm annealed at 106°C for various times.  The annealing time of 
individual curves (from bottom) are (a) t = 0, 5, 10, 20, 40, 90, 180, 360, 
720 s,and (b) t = 0, 5, 10, 20, 40, 80 s.  The solid lines are model lines with 
(a) ηeff = 4 × 10
4




3.3.1 Glass transition temperature and self-diffusion coefficient 
In Figure 3.4, (a) Tg and (b) in-plane D measured at T = 106
o
C as a function of 
film thickness (h0 = 15 to ~300 nm) are shown.  In Figure 3.4 (a), the dashed line 




denotes the value of Dbulk obtained by averaging the measured values of D of 120 nm 
thick films with different photobleached pitch sizes at 106
o
C (Figure 2.3 in Chapter 2).  
Figure 3.4 (a) clearly shows that the Tg is independent of h0 and is consistent with Tg,bulk.  
This is in agreement with previous results of PiBMA/SiOx with Mn = 8.7
13
 and 300 
kg/mol
24
 (c.f. the current Mn is 10.0 kg/mol).  In a previous work,
24
 a 14 nm thick 
fluorescently labeled PiBMA layer reported that the local Tg at the free surface was 
depressed by 6
o
C while that at the substrate surface was enhanced by 5
o
C.  The latter 
finding was attributed to the hydrogen-bonding interactions between PiBMA and the 
hydroxyl groups on the silica surface.  Together, these results reveal that there is a 
distribution of Tg’s in the films, and the effect of the substrate surface exactly balances 
that of the free surface. 
 
 
Figure 3.4: (a) Thickness dependence of Tg for PiBMA/SiOx.  The dashed line shows 
the Tg of bulk PiBMA (58
o
C) as determined by differential scanning 
calorimetry (DSC).  (b) Thickness dependence of D for PiBMA/SiOx as 
measured by FRAPP at 106
o
C (= Tg,bulk + 48
o
C).  The dashed line 
corresponds to Dbulk taken to be the average D of the 120 nm thick films 
(Figure 2.3 in Chapter 2).  The error bars indicate the 95% confidence 
intervals. 
Now we turn to the D data in Figure 3.4 (b).  D is also clearly independent of the 




observed by Katzenstein et al.
13
 for fluorescently labeled PiBMA/SiOx with Mn = 8.7 
kg/mol.  Similar to the above arguments for Tg, the finding of constant D(h0) may imply 
cancellation between the effects of the substrate and free surface on the self-diffusion.  
We shall express these concepts mathematically in the next section. 
3.3.2 Effective viscosity 
Figure 3.5 (a) is the eff data plotted versus temperature T for PiBMA/SiOx with 
thicknesses h0 varied between 10 and 120 nm and T from 74
o





(= Tg,bulk + 48
o
C).  The equivalent Mtot versus T data is shown in Figure 3.5 (b).  We 
find that the eff measurement of the 120 nm films was consistent with the  of the bulk 
PiBMA determined by conventional rheometry in Figure A.1 in Appendix A.  However, 
at the other film thicknesses, eff decreased with decreasing h0 for the whole range of T 
studied.  Comparing this trend with the h0-invariance of D found above, one can 
conclude that D and eff of the films depend on the local dynamic properties differently. 
 
 
Figure 3.5: (a) Semi-log plot of eff versus temperature for PiBMA with different 
thicknesses (h0) as indicated in the figure legend.  (b) Semi-log plot of 
mobility [Mtot  h0
3
/(3eff)] versus temperature of the same data shown in 
(a).  The solid lines are the best fit to the three-layer model assuming h1 = 





3.4.1 Three-layer model 
In accordance with current views and results,
2, 4, 13, 15
 we interpret the confinement 
effects demonstrated by our data to arise from competition between the antagonistic 
effects of the free surface and substrate interface on the local dynamics of the polymer.  
With this, the thickness-invariant D and Tg measurements shown in Figure 3.4 suggest 
that the effects of the two surfaces cancel.  On the other hand, the ηeff(h0) data of Figure 
3.5 suggests that the effect of the free surface dominates.  We first focus on the different 
h0 dependences of D(h0) and ηeff(h0).  We attribute this finding to D and ηeff being 
different functions of the local segmental friction coefficient.  For a polymer melt with 






          (3.4) 
As was in previous works,
2, 15
 we incorporate dynamic heterogeneity in the films by using 
a layer model.  Specifically, we treat the films to be a stack of n dynamically different 
layers with thicknesses, hi, and local viscosities i, or equivalently local segmental 
friction coefficient i, where i  i and i = 1, 2, …, n.  In FRAPP measurements of D,
14
 
the pitch width of the photobleached patterns (which is ~m) is much bigger than the 
film thickness (≈ 10 to ~100 nm here).  Then the majority of the chains in the 
unbleached region should have diffused many times through all n layers of the films 
before reaching the bleached region and being detected.  Therefore, Eq. 3.4 yields Eq. 





























     (3.6) 
As for ηeff, it is derived from the mobility Mtot from the definition, ηeff = 
h0
3
/(3Mtot) (Eq. 3.3).  To find a relation between Mtot and the current model parameters, 
namely hi and i, one solves the Navier-Stokes equation for the steady-state velocity 
profile in the film (v(z)), where z is the perpendicular distance from an interface of the 
film, upon application of a pressure gradient (P) parallel to the film.  And then Mtot 
was estimated from the definition: Mtot  h0<v(z)>/(-P), where <...> indicates averaging 
over z.
15
  We find that the simplest model that can simultaneously account for the D 
(Figure 3.4 (b)) and eff (Figure 3.5 (a)) data is a three-layer model.  By assuming the 
no-slip boundary condition at the substrate interface, which has been found applicable to 
polymer films with low MW (< ~100 kg/mol) like the films studied here,
17
 we derive the 
following expression for Mtot: 
33 3
3 1 2 3 1 2 31 2 1 2 1 2
1 2 3 2 3
( ) ( )( )
3η 3η 3η η η
tot
h h h h h h hh h h h h h
M
  
       (3.7) 
where, h0 = h1 + h2 + h3, i = 1, 2, 3 labels the layers from top to bottom in order.  We 
interpret the i = 1 top layer to be the surface mobile layer, the i = 2 layer to be the bulk-
like middle layer, and the i = 3 layer the polymer/substrate interfacial layer.  
Accordingly, one expects 3 > 2 = bulk > 1, which we find from our fit results as 







Figure 3.6: Schematic representation of the three-layer model discussed in the text.  In 
this model, the film is assumed to be made up of (from top) a surface mobile 
layer (i = 1), a bulk-like middle layer (i = 2), and a low-mobility polymer 
layer (i = 3) immediate to the substrate surface.  The layer thicknesses and 
viscosities are denoted by hi and ηi, respectively. 
In a previous study, Li et al. measured the eff of poly(methyl methacrylate 
supported by silica (PMMA/SiOx), and found that a similar three-layer model was able to 
describe the experimental result.
 16
  In fitting the data, they had to incorporate a 
thickness dependence in the mobility of the surface mobile layer (Mt).  Here, we find the 
same to be needed.  Clearly, Mt depends directly on h1 and 1/1.  Because the thickness 
of this layer h1 has been shown to be independent of the film thickness h0,
15, 38
 we 
attribute the thickness dependence of Mt (Mt(h0)) to 1/1.  Following the form of Mt(h0) 
proposed by Li et al.,
16
 we write 
  1 0 1 0( ) ( ) 1 exp[ ( ) / ]t th h l l            (3.8) 
where, lt denotes the film thickness at which 1 = 2·1(∞), and lt is the length scale 
over which the change takes place.  Figure 3.7 displays a plot of 1(h0)/1(∞) found to 
describe the experimental results.  In the following, we discuss how we apply the three-






Figure 3.7: Plot of 1(h0)/1(∞) versus h0 values used for the three-layer model (Figure 
3.6) to fit the data in Figure 3.5 (a) and (b). 
As observed above, D ~ 1/<> yields D(h0)/D(∞) = <i(∞)>/<i(h0)>.  
Experimentally, D(h0) is thickness-independent as shown in Figure 3.4 (b), which means 
<i(∞)>/<i(h0)> = 1 or 











      (3.9) 
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h
         (3.10) 
where the assumption 2 = bulk was used.  According to Eq. 3.10, if 1 is small than  
bulk, 3 should be larger than bulk.  This warrants the above interpretation of the three-
layer model. 
3.4.2 Determination of parameters used in the three-layer model 
In fitting the data, we simplify the procedure by making two additional 
assumptions.  First, we assume the third layer thickness, h3 to be equal to the thickness 
of the irreversibly adsorbed PiBMA layer found on the substrate.  The adsorbed layer 




from a previous study.
39
  The film was annealed at 106
o
C for 18 h under argon 
atmosphere to mimic the environment during the FRAPP measurement.  After 
annealing, the film was subsequently washed with THF, a good solvent for PiBMA.  A 
more detailed procedure is available in Appendix A.5.  The adsorbed layer thickness 
was determined as h3 = 0.9 ± 0.3 nm.  The error is the standard deviation of five 
measurements at different locations on the sample.  Secondly, we assume that the 
temperature dependence of Mt(T) (~1/1(T)) is proportional to 1/eff(T) of the h0 = 10 nm 
films, which was found to be described by  
0
211 34 K
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   (3.11) 
This assumption came from the observation that the contribution of Mt to Mtot usually 
increases as h0 decreases.
15, 16
  For h1, we attempt two possible values.  In the first 
attempt, we assume h1 = REE = 3.67 nm, where REE is the end-to-end distance of the 
polymer and ≈ 6
1/2
·Rg.  This corresponds to the situation where enhanced surface flow 
occurs mainly in the top layer of polymer molecules.  In the second attempt, we set h1 
equal to the Kuhn length of the polymer, which is approximated to be ~1 nm.
40
  This 
choice of h1 is due to a simulation result of Lam et al.
41
 on ten-mer polymer films 
undergoing driven in-plane flow, which showed that enhanced surface flow existed 
mainly within a Kuhn length of the free surface. 
The fit results based on the above model and assumptions are summarized in 
Table 3.1.  In comparing the fit values of the model parameters shown in different 
columns corresponding to different values set for h1, one observes that in changing the 
value of h1 from 3.67 to 1 nm, only the value of h1
3
/31 (i.e., the first term on the right 





Table 3.1: Result obtained from the three-layer model fits to the D and eff data for 
PiBMA/SiOx assuming two values of h1, where REE is the end-to-end 
distance of PiBMA.a 
To explore the reason, we examined the relative contributions of different terms 
in Eq. 3.7 to Mtot at 90
o
C, which is near the middle of the temperature range studied.  
Figure 3.8 (a) shows semi-log plots of the different relative contributions as a function of 
h0, where Mi denotes hi
3
/(3i) (i = 1,2,3) and “Cross terms” denotes the sum of the last 
two terms in Eq. 3.7.  From these plots, one sees that M1/Mtot exhibits the same h0 
dependence for both cases of h1 = 1 and 3.67 nm.  In fact, we find that the M1/Mtot(h0) 
dependence of the h1 = 1 nm curve can be described by multiplying that of the h1 = 3.67 
nm curve by 0.93.  At this time, we do not know the reason for this simple relationship. 
                                                 
a The values of the other model parameters not given in the table were fixed according to the following: (1) 
h2  h0  h1h32  bulk = eff of the 120 nm thick PiBMA/SiOx films = (365  316 Pas) exp[(318 
 47 K) / (T – (323  3 K))] (3) h3 = thickness of the adsorbed layer of PiBMA/SiOx = (0.9 ± 0.3) nm. (4) 
3 = [2(h1 + h3)  1h1]/ h3 due to Eq. 3.9 and 3.10. 
















lt (nm) 35 ± 14 35 ± 14 





Figure 3.8: The relative contributions of M1, M2, M3 and the cross terms to Mtot versus 
h0 in semi-log (a) and linear (b) plots.  These data were obtained under T = 
90
o
C and h1 = 3.67 nm (solid lines) and 1 nm (dashed lines), respectively. 
Empirically, one sees from Figure 3.8 (b), which displays the same data from 
Figure 3.8 (a) but on a linear scale, that it is due to partial cancellation of the change in 
M2/Mtot and that in (cross terms)/Mtot upon the change in h1 that is incidentally balanced 
by a constant percentage change in M1/Mtot.  It is instructive to compare the fitting 
results of PiBMA/SiOx with those of PMMA/SiOx.
16
  According to Figure 3.8, the 
contribution of M3 to Mtot is negligible.  This means that in fitting the eff data for 
PiBMA/SiOx, we could have set the bottom layer to be dynamically dead (i.e., M3 = 0  
3 = ∞) as was done for PMMA/SiOx.
16
  But with the knowledge of D(h0), we are 
obliged to set the value of 3 according to Eq. 3.10.  Another important difference 
between the two results is that the temperature dependence of M1(h0,T) was Arrhenius in 
PMMA/SiOx, but it follows the Vogel-Fulcher-Tammann (VFT) dependence here (Figure 
3.9).  This result indicates that cooperativity is present in the transport dynamics of the 
surface mobile layer of the PiBMA films, but undetectable in the PMMA films.  




only ~ 8K below the bulk Tg (based on the expression of bulk(T) of PiBMA given in the 
footnote of Table 3.1) while the Tg,bulk – TK values for PMMA are much bigger,  72 and 
64 K for Mw = 2.7 and 12.4 kg/mol, respectively.
16
  Noting that the VFT cooperative 
dynamics approaches the Arrhenius (uncooperative) one in the limit of T – TK  , then 
the notably smaller value of Tg,bulk – TK suggests that the extent of cooperativity in the 
transport dynamics of the PiBMA polymer is bigger than that of PMMA for the same T – 
Tg.  A bigger extent of cooperativity is expected to bring about stronger coupling 
between different layers.  This is in agreement with the bigger values of lt and lt found 
of the PiBMA/SiOx films compared to those of PMMA/SiOx where lt and lt  5 and 1 
nm, respectively.
16
  We should, however, clarify that the extent of cooperativity 
mentioned above may differ from the size of cooperativity at the Tg (c) commonly 
discussed of glassy dynamics.
20
  In fact, different temperature dependences had been 
found between terminal flow and segmental relaxations in polymer melts near the Tg.
42
  
Previous experiments on a variety of polymer film systems found that the extent of 
variation of the thin film Tg from the bulk value did not correlate with the c value of the 
polymer.
20, 43
  Thus we do not think that that c or extent of cooperativity mentioned 
above may explain our observations.  As demonstrated in Section 3.4.1, our data can be 







Figure 3.9: Comparison of M1,∞ versus T – Tg of the PiBMA/SiOx films (Mn = 10.0 
kg/mol, solid line) and the PMMA/SiOx films (Mn = 2.5 and 11.5 kg/mol, 
dashed and dotted line, respectively) reported in Li et al
16
 and reproduced 
with permission.  Copyright 2013, American Chemical Society. 
3.4.3 Application of the three-layer model to PS/SiOx system 





 and ηeff(h0) 
15, 17
 dependences of the PS/SiOx films.  To 
address the incompatible Tg-D-ηeff relations of PS/SiOx, we also measure the ηeff of 
PS/SiOx.  PS used in this experiment was purchased from Scientific Polymer Products 
(Ontario, NY) and used as-received.  The Mn of the PS was 38 kg/mol (Đ = 1.11), the 
same as that used for the study of D(h0) in a work of Frank et al. for a comparison.
12
  In 
Figure 3.10 (a), we reproduce the data of Frank et al.
12
 for the in-plane D of PS/SiOx with 
Mn = 38 kg/mol at T = 140
o
C.  Figure 3.10 (b) displays the eff(h0) data, upon 
normalization by bulk (taken to be eff = 70  12 kPas at the limit of h0 → ∞ measured 
at the same temperature as Frank et al.
12
  We find that these data can be fit to the above 
three-layer model (solid lines in Figure 3.10 (a) and 3.10 (b)) with the model parameters 




to the present proposal that D and eff are different functions of the local segmental 
friction coefficient and so can exhibit divergent h0 dependences. 
 
 
Figure 3.10: (a) The D versus h0 data reported by Frank et al.
12
 for PS/SiOx with Mn = 38 
kg/mol at T = 140
o
C.  (b) Normalized effective viscosity eff /bulk versus 
h0 for PS/SiOx obtained under the same condition as the D measurement.  
In both panels, the experimental data are shown by the symbols.  The best 
fits to the three-layer model are displayed by the solid lines.  Data of panel 
(a) was reproduced with permission from Frank et al.
12
  Copyright 1996, 
American Chemical Society. 
As for the Tg(h0) dependence, Lipson and Milner
44
 pointed out that measurements 
like ours −that monitor changes in the thermal expansivity of the films at the glass 
transition− detect the unweighted average of the local Tg’s if the films can be considered 
to be a stack of dynamically heterogeneous layers, each exhibiting the same liquid- and 
glassy- state thermal expansivities.  We find that the Tg(h0) of our systems conforms this 
prediction.  By using a fluorescently labeled layer that reports the local Tg,
4
 Ellison and 
Torkelson found that the Tg of the top layer of PS/SiOx was significantly depressed (by ~ 
30
o




important to note that the bottom layer examined the 12 nm nearest the substrate 
interface).
4
  Then an unweighted average Tg should decrease with decreasing h0, as 
observed in experiment.  For PiBMA/SiOx, Priestley et al.
24
 found that the local Tg at 
the free surface was depressed by 6
o
C while that at the substrate surface was enhanced by 
5
o
C.  By using these Tgi values and h1 = 3.67 or 1 nm, the unweighted average Tg again 








Table 3.2: Result obtained from the three-layer model fits to the D and eff data for 
PS/SiOx assuming h1 = 3 nm.b
 
3.5 CONCLUSIONS 
In summary, we have examined the correlation between Tg, D and eff of 
nanoconfined polymer films supported by a solid substrate.  Two systems were 
considered, namely PiBMA/SiOx and PS/SiOx.  For PiBMA/SiOx, the Tg and D were 
invariant with the film thickness, but eff decreased with decreasing film thickness.  For 
PS/SiOx, the Tg and eff decreased with decreasing film thickness while D exhibited an 
                                                 
b Note that D is not a constant here and determined by Eq. 3.5 and 3.6, which can be combined to 
give D = Dh0/(h11/2 + h2 + h33/2).  The use of this expression instead of Eq. 3.10 as was 
done before results in the need for an additional parameter, D.  (2) It is assumed that h2  h0  
h1h3).  This is consistent with the previous observation that h1 is no more than 3 nm for 
PS/SiOx.
15  Like above, we find that the value of 1/2 co-varies with the value of h1 according 
to h1
3
/(31) ≈ constant.  Here, we assume that h1 = 3 nm. 
h1 = 3 nm 
1/2 0.049  0.006 
h3 (nm) 1  0.5 











opposite trend.  To account for the observed divergent D(h0) and eff(h0) dependences, 
we proposed that they are different functions of the local viscosity i.  Specifically, D ~ 
kBT/<i> and eff = h0
3
/3Mtot(i).  By applying these assumptions to a three-layer model, 
we were able to describe the measurements well.  As for Tg(h0), we find that Lipson and 
Milner’s proposal that it is the unweighted average Tg explains the observations.  
Considering the variety of confinement effects demonstrated by our systems, the 
proposed interpretations for Tg(h0), D(h0) and eff(h0) may provide a resolution to the 
decades-long controversy about how nano-confinement affects different dynamics of 
polymer films. 
3.6 FUTURE WORK 
3.6.1 Effects of polymer-substrate interface interactions 
In this chapter, the relatively strong interaction between PiBMA and SiOx due to 
hydrogen bonding led to non-trivial thickness dependent relationships between Tg, D and 
eff.  Based on this observation, it can be hypothesized that weaker polymer-substrate 
interactions may also alter the correlation between Tg, D and eff upon nanoconfinement.  
As will be discussed in Chapter 4, polycyclohexylethylene (PCHE) can be used as a 
substrate with a weaker interaction with PiBMA, because PCHE is hydrophobic and 
immiscible with PiBMA.  In addition, the Tg of PCHE is 85
o
C higher than the bulk 
value of the unentangled PiBMA utilized in this study so that a PCHE substrate would 
remain glassy during the D and eff measurements. 
3.6.2 Glass transition temperature, viscosity, and self-diffusion coefficient 
measurements of polystyrene 
Section 3.4.3 proposed a hypothesis to describe the counter-intuitive relationship 




A seemingly easy experiment to test this hypothesis is simply measuring Tg, D and eff of 
PS.  However, D measurements on PS thin films using the FRAPP technique are not 
straightforward because of a potential photochemical reaction during the photobleaching 
step.  During photobleaching, UV light exposure induces dehydrogenation of PS as 
shown in Figure 3.11, which lowers the surface energy of the exposed area.  Such 
surface energy gradient induces Marangoni flow upon annealing, which drives the 
formation of topological features.  This topological feature formation due to 
dehydrogenation of PS was serendipitously discovered by Katzenstein et al. during 
FRAPP measurements,
45
 but unfortunately this photochemical reaction also led to 
inaccurate FRAPP measurements.  Therefore, careful design of the photobleaching 
process with optical filters is necessary to use the FRAPP technique on PS thin films. 
Dehydrogenation of PS was reported to be primarily a result of wavelengths less 
than 200 nm,
46
 but the formation of carbon-carbon double bonds was also observed after 
exposure using a broadband light source (300-600 nm).
47-49
  Long-pass filters could be 
utilized to select an optimal wavelength range which allows enough contrast in the 
fluorescence intensity after photobleaching, but prevents the dehydrogenation reaction.  
The degree of dehydrogenation can be tracked by fluorescence measurements with an 
excitation wavelength of 310 nm and subsequently tracing a peak at a wavelength of ~ 
350 nm originated from the formation of the double bond.
49
  Once we address the 
chemical stability of PS under UV exposure, Tg and eff should be able to be evaluated in 






Figure 3.11: Dehydrogenation reaction of PS after exposure to UV light.  Adapted with 
permission from Katzenstein et al.
49
  Copyright  2012, American 
Chemical Society. 
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Chapter 4:  Understanding the influence of interfacial interactions on 
glass transition temperature and self-diffusion coefficient 
4.1 INTRODUCTION 
Nanoconfined polymer films often exhibit different physical properties compared 
to bulk polymer, including the glass transition temperature (Tg),
1-7
 viscosity (),8-11 
modulus,
12-14
 self-diffusion coefficient (D),
15-17
 and others as was discussed in Chapter 1 
and 2.  As the film thickness decreases, the interfacial area to volume ratio increases 
dramatically, causing interfacial effects to dominate the entire film properties.  While 





with film thickness, these two properties are infrequently studied for identical 
nanoconfined systems and therefore, correlations between nanoconfined Tg and D are still 
unclear.
18
  In terms of dynamic length scale, Tg reflects cooperative segmental mobility 
of 10s-100s of repeat units, whereas D reflects the large scale transport motion of the 
entire chain. 
For bulk polymers, the Williams-Landel-Ferry (WLF) equation well correlates Tg 
and D.
19, 20
  Under nanoconfinement, however, such a relationship between Tg and D has 
yet to emerge.
18
  For polystyrene (PS) supported on SiO2 substrates, numerous 
researchers have reported a decrease in Tg as the PS film thickness decreases below 50 
nm.
1-4, 18
  This decrease in Tg has been attributed to a higher segmental mobility of the 
chains near the free surface, and the presence of a relatively weak interaction between the 
PS film and the SiO2 substrate.
21-23
  If these nanoconfined PS films also follow the WLF 
equation, an increase in D would be expected with decreasing film thickness.  
Counterintuitively, D of both in-plane (parallel to the interfaces)
16
 and out-of-plane 
(perpendicular to the interfaces)
17
 have been reported to be reduced with decreasing PS 
film thickness.  In contrast, faster dewetting
24




entangled PS on SiO2 substrates have also been reported,
25
 corresponding to higher D 
than that of bulk as the WLF equation predicts.  In order to clarify these seemingly 
contradictory results, a comprehensive study of the thermophysical parameters that 
reflect nanoconfined polymer dynamics on different length scales is strongly desired. 
It is a challenge to study such complex Tg−D relationships in nanoconfined 
systems because there are many potential factors that could affect the behavior, such as 
chain entanglements and interfacial interactions.  Entanglement density is known to 
significantly affect polymer mobility,
26
 and it is also reported that the entanglement 
density could change with film thickness.
27, 28
  Interactions between polymer films and 
neighboring substrates are also known to alter the dynamics of polymers.
29-33
  For 
instance, a strong interaction between poly(2-vinyl pyridine) and SiO2 substrate increases 
the film Tg by tens of degrees C while a weaker interaction between PS and SiO2 reduces 
the Tg by the same magnitude as the film thickness decreases.
5
 
To address these issues, we designed a system to investigate the Tg−D relationship 
of an unentangled polymer confined by various interfaces.  To exclude the effect of 
entanglements, a nearly monodispersed poly (isobutyl methacrylate) (PiBMA) below its 
entanglement molecular weight (= ~28 kg/mol)
34
 was synthesized and used.  The 
interfacial effects were systematically investigated using four multi-layered geometries 
with corresponding sample names as shown in Figure 4.1.  The top row in Figure 4.1 
displays the sample arrangements with a stronger interaction between PiBMA and the 
SiO2 substrate, due to hydrogen bonds between the ester groups on PiBMA and the 
hydroxyl groups on the SiO2 substrate.
35
  The bottom row in Figure 4.1 shows the 
sample arrangements of PiBMA on polycyclohexylethylene (PCHE) substrates, 
exhibiting a weaker interaction due to the relative hydrophobicity of the PCHE.  To 




excellent transparency to ultraviolet and visible light.  Moreover, PCHE is immiscible 
with PiBMA
36
 and remains in the glass state during measurements due to its higher Tg 
than PiBMA (Tg,PCHE = Tg,PiBMA bulk + 85
o
C) as shown in Figure B.1 in Appendix B.  For 
all PiBMA thin films, the Tg and D were characterized by ellipsometry and fluorescence 
recovery after patterned photobleaching (FRAPP), respectively. 
 
 
Figure 4.1: Schematic diagram of film geometries in this study. 
4.2 EXPERIMENTAL 
4.2.1 Materials and sample preparation 
A nearly monodisperse and unentangled PiBMA was synthesized by activators 
regenerated by electron transfer atom transfer radical polymerization.
37
  Absolute 
number-averaged molecular weight (Mn) was determined as follows; unlabeled: absolute 
Mn = 10.0 kg/mol, Đ = 1.06, fluorescent dye-labeled: absolute Mn = 12.2 kg/mol, Đ = 
1.18 by gel permeation chromatography.  Unperturbed radius of gyration (Rg) of dye-
labeled PiBMA was estimated as ~ 1.5 nm.
38
  PiBMA films were spin-coated from n-
butanol (1.0 - 8.0 wt%, 1800-3800 rpm) onto polished quartz substrates (for FRAPP 
measurements) or Si wafers (for Tg measurement) with 1.5-2.0 nm thick native oxide.  
PCHE layers (105 ± 5 nm) were also spincoated onto Si wafers from 2 wt% toluene at 




wt% potassium hydroxide: deionized water: ethanol solution and rinsed with deionized 
water and tetrahydrofuran at least three times.  The films were annealed for 20 min 
under vacuum at 120
o
C (Tg,PiBMA + 62
o
C) for PiBMA and 150
o
C (Tg,PCHE + 7
o
C) for 
PCHE to remove residual stress and solvent.  The PCHE capping layers were prepared 
by floating the spincoated PCHE film on cold (< 5
o
C) water.  The final multi-layered 
samples were dried at 35
o
C overnight and then annealed at 150
o
C for 10 min under 
vacuum. 
4.2.2 Glass transition temperature (Tg) measurement by ellipsometry 
To evaluate the film Tg, PiBMA film thicknesses were measured as a function of 
temperature with a cooling rate of 2
o
C/min by a spectroscopic ellipsometer (J.A. 
Woollam M-2000D).
39
  Figure 4.2 (a) and (b) show representative data of the Tg 
measurements of Air/PiBMA/PCHE with PiBMA thickness of (a) 122 nm and (b) 14.3 
nm, respectively. The different slopes in Figure 4.2 (a) and (b) at low and high 
temperature correspond to thermal expansion coefficients in the glass and melt states, 
respectively.  Since Tg is the temperature at which polymer transforms from an 
equilibrium melt to a glass, Tg can be defined as the point where the slope changes.
3
  As 
shown in Figure 4.2 (a), the Tg of the 122 nm thick film was 58.6
o
C, which is identical to 
the bulk value (58
o
C) measured by differential scanning calorimetry (DSC) with a 
heating rate of 10
o
C/min.  On the other hand, the Tg of the 14.3 nm thick film was 
46.1
o
C, which is approximately 12
o
C lower than the bulk value.  The lower Tg in the 
thinner Air/PiBMA/PCHE film was attributed to contributions of both the free surface 





4.2.3 Self-diffusion coefficient (D) measurement by fluorescence recovery after 
patterned photobleaching 
The D of labeled PiBMA under nanoconfinement was measured by FRAPP at 
106
o
C (Tg,bulk + 48
o
C).  For FRAPP measurements, a nitrobenzofurazan (NBD) dye was 
covalently attached to PiBMA as an end group.  Our previous study determined that 
end-chain-labeled and middle-chain-labeled PiBMA-NBD exhibited the same D within 
95% confidence of error.
37
  To avoid self-quenching
40
 of NBD, unlabeled PiBMA and 
labeled PiBMA (PiBMA-NBD) were mixed to limit the NBD content in the polymer film 
to lower than 0.18 wt%.  The D of PiBMA can be measured after photobleaching a 
pattern (20 m in pitch) then observing how the intensity profile changes as molecular 
diffusion occurs.
37
  A detailed procedure is available in Section 2.1.2.  Figure 4.2 (c) 
shows a fluorescence micrograph and the corresponding intensity profile along the x-axis, 
where the excitation wavelength was 445 nm and the emission intensity was collected for 
wavelengths > 520 nm.  The intensity profile I(x,t) was fit to a sinusoidal function,
37
 
where A(t) is an amplitude of the sinusoidal intensity,  is the pitch size of the 
photomask.  The specimens were placed on a hot stage at the measurement temperature 
(106
o
C = Tg,bulk + 48
o
C) for 4 min prior to each measurement to attain equilibrium.  
During the FRAPP measurements, argon gas was purged over the sample slowly to avoid 
quenching by oxygen.
41
  As self-diffusion of the labeled PiBMA proceeded, the 
intensity amplitude, A(t), i.e., the difference in intensity between bleached and 
unbleached regions, also decreased.  By fitting A(t) to Eq. 4.1, D and the characteristic 
decay time () can be obtained. 
    (4.1) 
Figure 4.2 (d) shows the time variation of A(t) for two Air/PiBMA/PCHE films, 
where the open symbols and closed symbols represent 120 nm and 19 nm thick films, 




respectively.  The slope of A(t) versus time is proportional to D.  The steeper slope of 
A(t) of the thinner film indicates that the D of Air/PiBMA/PCHE is significantly 
increased by decreasing the thickness of PiBMA. 
 
 
Figure 4.2: Representative data used to measure Tg and D for Air/PiBMA/PCHE 
samples.  (a,b) Representative Tg measurement data of PiBMA film 
thickness as a function of temperature prepared on PCHE substrates and 
measured by a spectroscopic ellipsometer with a cooling rate of 2
o
C/min.  
The PiBMA thickness at 25
o
C was (a) 122 nm and (b) 14 nm.  Arrows 
correspond to Tg = (a) 58.6
o
C and (b) 46.1
o
C.  (c) Top down view 
fluorescence micrograph of a 120 nm thick PiBMA film on PCHE substrate.  
The overlaid graph shows normalized intensity as a function of position 
along the x-axis.  (d) Representative data of a FRAPP measurement at 
106
o
C (Tg, bulk + 48
o
C). Variation with time of the amplitude of the intensity 
normalized by the value at t = 0.  Open and closed symbols represent a 120 
nm thick film and 19 nm thick film, respectively.  The solid and dashed 




4.3 RESULTS AND DISCUSSION 
4.3.1 Tg and D as a function of film thickness 
The trends of Tg and D with PiBMA film thickness were different depending on 
the multi-layered arrangement.  The first row of Figure 4.3 shows Tg of PiBMA as a 
function of thickness measured by ellipsometry, and the second row in Figure 4.3 shows 
the thickness dependence of D of PiBMA at 106
o
C (= Tg,bulk + 48
o
C) measured by 
FRAPP.  The dashed lines in the first row of each plot are bulk values of Tg measured 
by DSC with a heating rate of 10
o
C/min. The solid lines are obtained by fitting these 




 where , and  are 
fitting parameters and h is the thickness of PiBMA.  The obtained fitting parameters are 
listed in Table B.2 in Appendix B. 
Regardless of the neighboring interfaces, the Tg and D of thick films (> ~100 nm) 





evaluated based on Eq. 4.1 by measuring  of a 120 nm thick PiBMA film with different 
pitch sizes, , ranging from 10 to 25 m.  The raw data of  as a function of 2 is 
available in Figure 2.3 in Chapter 2.  From Figure 4.3, it can be seen that the thickness 
dependences of both Tg and D strongly depend on the nature of interfaces. 
The different trends for Tg with film thickness in the fist row of Figure 4.3 can be 
interpreted by considering effects of the confining interfaces.  The constant Tg with film 
thickness for Air/PiBMA/SiO2 can be attributed to counterbalancing of two contributing 
interfaces: the free surface locally decreasing the Tg and the strong interaction between 
PiBMA and SiO2 locally increasing the Tg.
35
  In contrast, the Tg of Air/PiBMA/PCHE 
decreased as the thickness decreased due to the weaker interaction between PiBMA and 
PCHE compared to that with SiO2.  Comparing PCHE/PiBMA/SiO2 (capped) with 




thin films due to the absence of the free surface, which locally lowers the mobility of 
PiBMA.  In a symmetric confinement system, the Tg of PCHE/PiBMA/PCHE was in 
between the Tg of Air/PiBMA/PCHE and Tg of PCHE/PiBMA/SiO2, as expected. 
 
 
Figure 4.3: First row: Thickness dependence of Tg for PiBMA in Air/PiBMA/SiO2 (red 
squares), Air/PiBMA/PCHE (purple circles), Air/PiBMA/SiO2 (green 
triangles) and PCHE/PiBMA/PCHE (blue diamonds) measured by 
ellipsometry.  The dashed line shows Tg of bulk PiBMA (= 58
o
C) 
measured by DSC.  The solid lines are fitting curves based on an empirical 
equation.  The error bars represent a typical experimental uncertainty of the 
Tg measurement (± 1
o
C).  Second row: Thickness dependence of D for 
PiBMA measured by FRAPP at 106
o
C (Tg,bulk + 48
o
C).  The broken lines 
correspond to D values predicted from Tg values in the first row using Eq. 
4.2.  Error bars represent 95% confidence intervals. 
4.3.2 D prediction from Tg assuming the bulk relationship 
The broken lines in Figure 4.3 in the second row are D estimated from the 




estimation assumed spatially homogeneous polymer dynamics and a bulk relationship 
between Tg, viscosity (), and D based on the WLF and Stokes-Einstein equations.  To 
estimate D from , the Stokes-Einstein relationship (D = constant at a constant T), was 
employed and rewritten as Eq. 4.2, where Tg(h) corresponds to solid lines in the first row 
of Figure 4.3.  The D as a function of Tg (h) was calculated with Eq. 4.3, from the zero-
shear  of bulk PiBMA as a function of temperature measured by a rheometer (TA 
Instruments, AR-2000EX) using a 20 mm cone-plate with a gap of 143 m under steady 
shear.  The zero-shear  from T = 85oC to 140oC (raw data is available at Appendix B.3) 
was fit to the WLF equation as shown in Eq. 4.4, where 0 = 1.61×10
5
 Pa·sec, c1 = 28.8, 
and c2 = 160
o
C are the fitting parameters and T0 = 143
o
C = Tg,bulk + 85
o
C. Substituting 
these WLF parameters (c1, c2, and T0), D as a function of Tg(h) can be calculated as 
shown in Eq. 4.2 and 4.3. 
      (4.2) 
   (4.3) 
      (4.4) 
Experimentally obtained D values deviated from the prediction derived from the 
bulk Stokes-Einstein and WLF relationships depending on the type of interfaces that were 
present.  For instance, a ~20 nm thick PiBMA film of PCHE/PiBMA/SiO2 exhibited a 
Tg of ~ 68
o
C (Tg,bulk + 10
o
C) which corresponds to a lower predicted D than Dbulk, but the 
experimentally measured D(PCHE/PiBMA/SiO2) did not follow this bulk prediction.  It 
is important to note that the bulk prediction assumes spatially homogeneous dynamics, 









































































Since the differences between the bulk prediction and measured D depend on the 
interfaces between PiBMA and air/substrates in Figure 4.3, the deviations from the 
prediction could be due to interfacial effects on self-diffusion of PiBMA. 
4.3.3 Friction model 
To take interfacial effects on nanoconfined D into account, a friction analysis was 
conducted.  Friction coefficients can be used to characterize the effect of neighboring 
confining interfaces on dynamics of polymer melts.
26, 42, 43
  By modifying Lange et al.’s 
equation
43
 for symmetric confinement to asymmetric confinement as in this study, the 
effect of the substrates on D of PiBMA can be expressed as Eq. 4.5: 
     (4.5) 
where, hi is the effective interfacial thickness for all the interfaces to simplify the fitting, 
and 0 and X correspond to the friction coefficients between PiBMA itself and of 
PiBMA/X interfaces as shown in Figure 4.4 (a), respectively.  The four fitting 
parameters (hi, PiBMA/air, PiBMA/PCHE, PiBMA/SiO₂) are listed in Table 4.1.  Here, as the 
X or Y decreases, higher PiBMA melt mobility at or near the interface X or Y is 
expected. 
 In Figure 4.4 (b), it is noteworthy that the solid line for 
PCHE/PiBMA/SiO2 using Eq. 4.5 described the experimental data well without further 
adjustable parameters. As previously reported,
43, 44
 the friction coefficient at a free 
surface (PiBMA/air) was close to zero, indicating enhanced mobility of PiBMA compared 
to the bulk.  Also, a higher PiBMA/SiO2 than PiBMA/PCHE can be attributed to the stronger 
interaction between PiBMA and SiO2 than that with PCHE.  The Figure 4.4 (b) 






























the WLF and the Stokes-Einstein predictions, meaning that the deviation from the bulk 
relationship is due to the heterogeneous dynamics of the PiBMA melt influenced by 
different interfacial frictions. 
 
Figure 4.4: (a) Schematic of the model used in the friction analysis.  (b) D normalized 
by the bulk value (Dbulk) as a function of PiBMA thickness.  The solid lines 
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Larger deviations of the thin film Tg-D relationship from the bulk prediction for 
capped samples could be explained by differences between the measurement temperature 
and the thin film Tgs.  Although the D was measured at the same temperature for all 
experiments, 106
 o
C (Tg,bulk + 48
o
C) in this study, the Tg of the thin films were different 
depending on the multi-layered arrangement and thickness.  For example, in the case of 
the 20 nm thick PiBMA on SiO2, the Tg of the film with the capped [uncapped] surface 
was Tg,bulk + 10
o
C [Tg,bulk – 10
o
C], meaning that the temperature gap between the 
measurement temperature (106
o
C) and the film Tg was 38
o
C for the capped samples, 
while it was 58
o
C for the uncapped samples.  As a result, the measurement temperature 
for the capped samples (Tg, film + 38
o
C) is a relatively lower measurement temperature 
than the uncapped samples (Tg, film + 58
o
C).  As a comparison, Urakawa and Ediger et al. 
reported that Tg + ~40
o
C was the temperature where heterogeneous dynamics, i.e. the 
breakdown of the Stokes-Einstein relationship, was observed.
20
  Therefore, these 
different measurement temperatures of D relative to film Tg resulted in the more 
pronounced effect of heterogeneous dynamics for the capped samples. 
4.4 CONCLUSIONS 
In summary, we examined the relationship between Tg measured by ellipsometry 
and D measured by FRAPP for unentangled PiBMA under nanoconfinement.  The 
experimentally obtained Tg-D relationship deviated from the bulk prediction using the 
WLF and the Stokes-Einstein equations.  In order to elucidate the mechanism, we 
employed a model based on friction coefficients between the film and confining 
interfaces.  This friction analysis revealed that the existence of heterogeneous dynamics 
near confining interfaces could play a crucial role for correlating segmental mobility 




coefficient is a strong function of temperature, further investigation on the temperature 
dependence of D would give more insight towards understanding the nanoconfined self-
diffusion. 
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TAILORING INTERFACES FOR BLOCK COPOLYMER 
NANOPATTERNING 
Nanofabrication and nanopatterning are defined as “fields of study in which 
methods are developed to manufacture nanomaterials, or pattern materials on a 
nanometer scale (i.e., below 100 nm in at least one dimension).”
1
  Such fine control of 
small features could allow fabrication of next-generation magnetic data storage media,
2
 
and metasurfaces exhibiting extraordinary optoelectrical properties by tailoring the 
structure size and its interactions with electric fields,
3
 among others. 
Lithographic strategies, including conventional photolithography and imprint 
lithography, have been widely used to mass produce nanopatterns.  The spatial 
resolutions of these approaches are limited by the wavelength of the light that is used for 
patterning (photolithography) or the size/density of the relief structure that can be formed 
on an imprint template.  While extensive research has been conducted to explore shorter 
wavelengths of light, including 157 nm and extreme UV (EUV, 13.5 nm) among others, 
the throughput or materials challenges prevent these technologies from commercial 
implementation.
4
  However, block copolymer (BCP) lithography, which is a primary 
focus of this dissertation, could offer an alternative approach for nanopatterning which 
can supplement existing patterning infrastructure. 
BCPs consist of two chemically distinct polymers, blocks A and B, which are 
linked by a single covalent bond.  Typically, the two blocks have a non-favorable 
segmental interaction causing the blocks to micro/nanophase separate into A and B rich 
domains.  The size of each domain is determined by the molecular weight and the 
segment-segment interaction parameter (), and feature sizes down to several nanometers 
are theoretically possible.
5
  Depending on the volume fraction of block A, the BCP may 




structure is of particular interest because of its geometric relevance to device structures 
after BCP thin films serve as etch masks for pattern transfer into substrates of interest. 
 
 
Figure 5.1: Mean-field prediction of the thermodynamic equilibrium phase structures 
for conformationally symmetric diblock melts.  Phases are labeled as L 
(lamellar), C (hexagonal cylinders), G (bicontinuous cubic), S (body-
centered cubic spheres).  fA is the volume fraction of block A.  Adapted 
with permission from Li et al.
6
  Copyright 2006, Elsevier Ltd. 
The ultimate goal of this dissertation is to pattern a variety of target materials, 
such as soft and 2D materials, using BCPs and then understand the physical mechanisms 
needed to generalize BCP lithography and nanopatterning more broadly.  An 
introduction to BCP lithography is included in Chapter 5 along with an overview of 
various applications.  In particular, the effect of the surface energy of the underlying 
substrate of the BCP is highlighted for production of the most lithographically useful 
structures, lamellae oriented perpendicular to the substrate.  Lastly, this overview also 
summarizes current challenges for application of these techniques to a wide range of 
materials, including flexible substrates and graphene. 
In Chapter 6, polydopamine (PDA) is exploited as a universal, catechol-
containing adhesive to enable BCP nanopatterning on a variety of soft material surfaces 
in a way that can potentially be applied to flexible electronic devices.  Successful BCP 




Kapton.  Furthermore, it is demonstrated that a perfectly nanopatterned PDA-PET 
substrate can be bent without distorting or damaging the nanopattern in conditions that 
far exceed typical bending curvatures in roll-to-roll manufacturing. 
In Chapter 7, we developed a new and potentially scalable graphene nanoribbon 
(GNR) fabrication method using wetting-transparency assisted BCP lithography.  
Extensive contact angle and surface energy measurements indicated that the surface 
neutrality of the underlying substrate is mostly retained even with a single layer of 
graphene coating on top of the underlying substrate.  This is due to the wetting 
transparency of graphene, i.e. a sufficiently thin layer of graphene does not alter the 
surface energy or wetting properties of the underlying substrate.  Using the wetting 
transparency-assisted BCP lithography, we successfully fabricated large-area (cm
2
 scale) 
GNR arrays with 14, 22, and 51 nm nanoribbon widths. 
Inspired by the wetting transparency of graphene, Chapter 8 explores possible 
techniques to control the microdomain orientations of BCPs through thin (< 10 nm thick) 
layers.  To gain fundamental knowledge regarding control of the surface energy of the 
underlayer of a BCP, a model bi-layer substrate made from homopolymers of each block 
was developed.  A theoretical model based on van der Waals (vdW) forces qualitatively 





Chapter 5:  Introduction to block copolymer lithography  
5.1 APPLICATIONS OF BCP NANOPATTERNING ON A VARIETY OF SUBSTRATES 
Well-defined nanopatterns with sizes down to several nanometers exhibit 
enormous potential for numerous applications, such as next-generation magnetic data 
storage
7-9
 and metasurfaces with extreme optoelectronic performance.
3
  These 
complicated structures can be achieved by directed self-assembly (DSA) of BCPs.
10-12
  
Among various approaches, graphoepitaxy (i.e., guiding self-assembly with 
topographical features) and chemoepitaxy (i.e., guiding self-assembly with patterned 
surface chemistry) DSA schemes are some of the most well-studied techniques. 
Segalman and Kramer et al. first demonstrated graphoepitaxy DSA of a sphere-
forming polystyrene-block-poly(2-vinylpridine) using a tailored step height (30 nm high, 
~L0 of the BCP), where L0 is the natural domain periodicity of the BCP.
13
  Alternatively, 
Stoykovich and Nealey demonstrated that nonregular device-oriented structures can be 
fabricated using a chemoepitaxy approach with chemically modified pre-patterns (Figure 
5.2).
9
  Recently, combined approaches of graphoepitaxy and chemoepitaxy self-
assembly have demonstrated significant improvements in cross-sectional structure as well 
as spatial resolution.
14, 15
  Therefore, once a perpendicularly oriented lamellae structure 







Figure 5.2: Top-down scanning electron microscope (SEM) images of the ternary blend 
of PS, PMMA and PS-b-PMMA directed to assemble into (a) nested arrays 
of jogs, (b) isolated PMMA jogs, (c) isolated PS jogs, and (d) arrays of T-
junctions.  In all the SEM images, the PS domains are displayed in light 
gray, while the PMMA domains are dark gray or black.  Adapted with 
permission from Stoykovich et al.
9
  Copyright 2007, American Chemical 
Society. 
5.2 ORIENTATION CONTROL OF LAMELLAE-FORMING BCP 
To produce a lithographically useful morphology, lamellae perpendicularly 
oriented relative to the substrate must be produced.  The interfacial energy above and 
below the BCP layer needs to be controlled for forming such structures.
16, 17
  
Polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) has been the most studied
18
 
and tested BCP so far,
2
 likely because it does not require interfacial energy control at the 
BCP-air interface.  Fortuitously, PS and PMMA have nearly identical surface energies 
at elevated temperatures used for thermal annealing, meaning neither block prefers to 
occupy the air interface over the other.
19
  Therefore, we will focus on lamellae-forming 
PS-b-PMMA for simplicity and ease of comparison, even though this system is limited to 
about 20 nm full pitch (~10 nm wide lines) due to its relatively low value.
18
 
For PS-b-PMMA, tailoring the wetting behavior of the BCP at the substrate 
interface is the key to inducing perpendicular lamellae structure.  Figure 5.3 is a 




pose different preferences to each block, PS and PMMA.  As can be seen in the figure, 
the non-preferential (i.e. “neutral” where neither block preferentially contacts the 
substrate) wetting by either block of the BCP promotes the perpendicular orientation of 
the lamellae structure.
20
  A surface neutralization treatment (SNT), or thin and cross-






Figure 5.3: Schematic diagram of orientations of BCP microdomains.  
Lithographically useful, perpendicularly oriented lamellae structure can be 
achieved only when the underlayer of the BCP is neutral to each block. 
5.2.1 Review of current approaches for SNT 
The most widely used SNT for lamellae-forming PS-b-PMMA are comprised of 
random copolymers of PS and PMMA (PS-r-PMMA) with functional groups to cross-
link or covalently graft them onto the substrates.
17
  In 1997, Mansky and Hawker et al. 
reported the first SNT using a hydroxyl-terminated PS-r-PMMA where the hydroxyl end-
group is hypothesized to react with the silanols on the substrate surface.
20















Figure 5.4: Schematic illustration of substrate neutralization with various cross-linkable 
random copolymers for the perpendicular orientation of domains for a PS-b-
PMMA thin film. BCP, block copolymer; GMA, glycidyl methacrylate; r, 
random.  Adapted with permission from Kim et al.
17
  Copyright 2016, 
Nature Publishing Group. 
5.2.2 Challenges of using SNT for flexible substrates and 2D materials 
As reviewed in Chapter 5.2.1, cross-linked SNT layers are most commonly used 
to achieve perpendicular orientation of BCP microdomains.  However, these cross-
linked layers also introduce challenges when the SNTs are applied for nanopatterning 




Flexible substrates are challenging for BCP nanopatterning for several reasons.  
First, many typical flexible substrates pose low surface energy and conventional slit- or 
spin- coating processes do not form continuous, uniform films on such substrates due to 
their wetting characteristics.  Also, the low surface energy of many flexible substrates 
can result in poor adhesion between the substrate and the SNT layer.  Reinforcing the 
adhesion could be also challenging because these flexible substrates, including Teflon, 
are often chemically inert. 
When BCP lithography is utilized to nanopattern 2D materials such as graphene, 
removal of the cross-linked SNT layer could make processing unnecessarily complicated.  
For example, in pioneering work showing graphene nanoribbon (GNR) fabrication using 
BCP lithography, Son and Ross et al. successfully demonstrated fabrication of sub-10 nm 
wide GNRs.
24
  However, the cross-linked SNT layer remained on top of the GNR array, 
and several etching steps (Figure 5.5 (e)-(g)) were required to remove these layers which 
can potentially damage the graphene or other components.  To fully exploit the potential 






Figure 5.5: Schematic of the formation of GNR arrays using polystyrene-block-
polydimethylsiloxane (PS-b-PDMS) as an etch mask.  The processing steps 
include (a) growing a graphene monolayer on Cu foil at 1000°C by chemical 
vapor deposition; (b) transferring graphene to a SiO2/Si wafer; (c) spin-
coating and patterning a polymeric antireflective coating (ARC) template to 
direct the self-assembly of the BCP; (d) spin-coating and solvent annealing 
of PS-b-PDMS cylindrical BCP; (e) simultaneously etching the polymeric 
template and the PS microdomains of the BCP patterns by CF4 followed by 
O2 reactive ion etching (RIE); (f) removing exposed graphene by additional 
O2 RIE; (g) removing the oxidized PDMS above the GNRs by CF4 RIE; and 
(h) annealing at 400 °C for 10 min to remove residual polymer on the GNR 
arrays.  Adapted with permission from Son et al.
24
  Copyright 2013, 
WILEY-VCH Verlag GmbH & Co. KGaA. 
5.3 SUMMARY AND OBJECTIVES 
In order to use BCP lithography for flexible electronics and 2D materials, new 
approaches to control microdomain orientation of BCPs and transfer their patterns into 
underlying materials are strongly desired.  In the study shown in the following chapter, a 
lamellae-forming BCP, PS-b-PMMA, is utilized as a model system.  First, BCP 
nanopatterning on various flexible substrates is explored by modifying the SNT layer 
with a bio-inspired universal adhesive layer.  Also, the SNT strategy is extended to 
GNR fabrication and the effects of atomically-thin graphene layers on BCP orientation 
are discussed.  Finally, we design a bilayer system to fundamentally investigate the 
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Chapter 6:  Ultrasmooth polydopamine modified surfaces for block 
copolymer nanopatterning on flexible substrates* 
6.1 INTRODUCTION 
As was introduced in Chapter 5, block copolymers (BCPs) have gained 
considerable attention over the past several decades due to their ability to self-assemble 
into prescribed, well-ordered morphologies on the 5-100 nm size scale.
1
  In particular, 
thin films of BCPs in which the orientation and alignment of microdomains are precisely 
directed could serve as etch-selective nanopatterns for lithography applications.  




 that the 
microprocessor and data storage industries could utilize to generate sub-10 nm features in 
their future products.  While directed self-assembly (DSA) and other next-generation 
techniques represent the leading edge of miniaturization efforts for the highest-
performance electronics built upon semiconductor substrates, it stands to reason that the 
benefits of incorporating self-assembling materials in nanopatterning will extend to 
related technologies, such as flexible electronics.
14-19
  Flexible electronics can be printed 
on soft plastic substrates in continuous, roll-to-roll processes,
17, 20
 and the final devices 
may possess improved portability,
17, 21, 22
 wearability,




Therefore, materials that generalize DSA processes for other types of substrates could 
broaden their impact. 
                                                 
*This chapter reproduced in part with permission from “Ultrasmooth Polydopamine Modified Surfaces for 




.; Zhou, S. X.; Kim, 
C. B.; Dulaney, A. R.; Janes, D. W.; Ellison, C. J., ACS Applied Materials & Interfaces 2016, 8 (11), 7456-
7463.  J.H.C. and R.K are first co-authors
†
 who designed and performed the experiments, as well as 




Interfacial modifications that control the wetting of block copolymer 
microdomains in thin films represent a unifying feature in nearly all DSA methodologies.  
Specifically, interfaces that are non-preferentially wetted (i.e. “neutral”) by either block 
of the BCP promote perpendicular orientation of microdomains,
23
 and lithographically 
patterned pinning lines preferentially wetted by one of the blocks chemoepitaxially direct 
the long-range alignment of microdomains into device-oriented structures.
24-26
  In 
contrast to native oxide surfaces present on semiconductor substrates, flexible films may 
be chemically inert or possess such low surface energy that conventional slit- or spin- 
coating depositions can not form continuous, uniform films.  In order to apply DSA 
methodologies to roll-to-roll processes on a wide range of flexible substrates, BCP thin 
films need to be strongly adhered to the substrate and mechanically robust.  The fast 
processing speeds and roller manipulations will exert bending forces and lateral strains 
that can potentially delaminate or stretch the BCP pattern, but very rarely has the quality 
of the BCP pattern been characterized under realistic deformations. 
Mussel-inspired surface engineering strategies have attracted much attention in 
recent years
27-30
 due to their universal adhesive nature.
28, 31-34
  The exceptional wet-
adhesion property of mussels is known to be due to a unique amino acid composition of 
proteins near the plaque-substrate interface, which are rich in 3,4-dihydroxy-L-
phenylalanine (DOPA) and lysine amino acids.  Dopamine is a commercially available 
synthetic organic chemical that mimics the natural mussel proteins by containing its two 
key moieties, DOPA (catechol) and lysine (amine).
31
  Due to its chemical nature, 
immersing a substrate in a mildly basic solution of dopamine quickly forms a conformal 
and uniform functional polydopamine (PDA) layer on virtually all surfaces regardless of 
its topography or chemical composition,
31, 35, 36
 producing a chemically functional ad-
layer with many surface reaction sites available for secondary reactions.
31, 37, 38




a mechanically robust and thermochemically stable material; as such, it can withstand a 
variety of post-processing steps.
28, 39
  Since the precursor to PDA is already present in 
living organisms, it may have additional advantages over potentially toxic or 
environmentally unfriendly substrate-specific modifiers, such as chlorosilanes, 
isocyanates, or residual azide salts.
40
  In fact, the mussel-inspired surface engineering 
for BCP lithography has been utilized by Kim, Lee, and coworkers
35, 38
 to demonstrate 
the successful perpendicular orientation of BCP lamellae on various substrates, including 





However, due to its strongly adhesive nature, PDA self-aggregates
41
 during the substrate 
coating procedure, yielding substrates with too much roughness for most applications of 
BCP nanopatterning.  To the best of the authors’ knowledge, strategies to avoid or 
remove PDA particle deposition and the impact of these steps on the quality of resulting 
BCP nanopatterns have not been reported. 
Our focus in this work is to investigate coating protocols to form an exceptionally 
thin and smooth PDA layer, which are critical attributes for integration in the lithography 
process.  To demonstrate the diversity of polymer surfaces which can be patterned by 
BCPs using this strategy, PTFE, polyimide, and poly(ethylene terephthalate) (PET) 
substrates were employed.  First, a smooth and continuous PDA layer was deposited 
onto the substrates, with the deposition time and cleaning process carefully optimized to 
preclude deposition of large PDA granules.  This step is especially important because a 
smooth surface is a critical attribute for lithography process integration.  The thickness 
and roughness of the PDA layer were monitored ex situ by spectroscopic ellipsometry, 
optical microscopy, atomic force microscopy (AFM), and scanning electron microscopy 
(SEM).  A PDA deposition time of 1 h followed by bath sonication in aqueous base 




surface neutralization treatment (SNT) layer was grafted to the PDA-coated substrate.  
Finally, poly(styrene-block-methyl methacrylate) (PS-b-PMMA) was spin-coated on top 
of the SNT and oriented perpendicularly by thermal annealing.  Furthermore, by 
generalizing the approach to flexible substrates, we demonstrate that BCP patterns 






Dopamine-HCl and osmium tetroxide were purchased from Sigma-Aldrich.  Tris 
(tris(hydroxymethyl)aminomethane) base was obtained from Fisher Scientific.  PET 
film (Melinex® ST506) was kindly provided by Dupont Teijin Films and used as 
received.  Adhesive-backed Kapton® polyimide film (3M 5413) and PTFE film (3M 
5180) were purchased from 3M.  Polyimide P84® was kindly provided by Evonik 
Industries.  (Tridecafluoro-1,1,2,2,-tetrahydrooctyl) methyldichlorosilane was purchased 
from Gelest, Inc.  Si wafers were purchased from NOVA Electronic Materials, LLC.  
Ultrapure water (18.2 MΩ-cm) was obtained from a Thermo Scientific Barnstead E-pure 
water purification system.  Symmetric PS-b-PMMA was purchased from Polymer 
Source, Inc. with each block possessing a molecular weight of 37 kDa.  The 
microdomain periodicity of this lamellae-forming BCP is ~ 42 nm.
43
  GL51 and GL57 
refer to two random copolymers of P(S-r-MMA-r-G), which were synthesized by 
conventional free-radical copolymerization in 70
o
C toluene solution using benzoyl 
peroxide as an initiator.
44
  Styrene, methyl methacrylate, and toluene were stirred over 
calcium hydride and alumina (0.1 g/mL) and filtered prior to use; glycidyl methacrylate 




styrene was used in the feed of GL57, with 1 mol% glycidyl methacrylate present in the 
feed of both.  GL51 and GL57 were precipitated into methanol and freeze dried from 
benzene. 
The Mn of GL51 and GL57 were 26.7 kDa (Ð = 1.6) and 23.6 kDa (Ð = 1.6), 
respectively.  The molecular weight and polydispersity data were determined using a 
Viscotek GPC Max VE 2001 size exclusion chromatography (SEC) equipped with a 
Viscotek Model 270 dual detector of viscometer/light scattering detector, a Viscotek VE 
3580 refractive index detector, and two I-Series mixed bed low MW columns.  The 
molar ratio between styrene, methyl methacrylate, and glycidyl methacrylate in the 
resultant random copolymers of GL51 and GL57 were 71:28:1 and 77:22:1, respectively, 
as measured by 
1
H NMR.  
1
H NMR spectra were recorded in deuterated chloroform 
solution with a Varian Unity Plus 400 MHz spectrometer.  We note that the styrene 
composition of GL51 and GL57 is consistent with that of the random copolymers 
synthesized by Register and coworkers to produce a perpendicular microdomain 
orientation of lamellae-forming PS-b-PMMA.
45
 
6.2.2 Substrate preparation 
A perfluorinated silane layer was assembled onto the Si wafer surface.  0.1 mL 
of (tridecafluoro-1,1,2,2, - tetrahydrooctyl) methyldichlorosilane was added to 100 mL of 
toluene.  A piranha cleaned Si wafer was immersed in this solution, which was 
subsequently heated to 75
o
C and kept at this temperature overnight.  After the grafting 
reaction, the treated Si wafer was thoroughly washed several times with toluene and 
isopropanol, and then dried under vacuum.  Polyimide films were spin-coated (3000 
rpm, 180 s) on Si wafers from n-methyl-2-pyrrolidone (NMP) solutions (10 wt%) at 70
o
C 
with the aid of an infrared lamp, and then annealed at 160
o




mTorr) to completely remove residual solvent.  The thickness of the polyimide thin 
films was 540 nm, as determined by a spectroscopic ellipsometer (VB-400 VASE 
Ellipsometer, J. A. Woollam Co., Inc.) using wavelengths from 382 to 984 nm with a 65° 
angle of incidence.  Si wafers were immersed in piranha solution (80% sulfuric acid: 
20% hydrogen peroxide) at 100°C for 30 min.  The other polymer substrates were rinsed 
with isopropanol and dried by filtered air before use. 
6.2.3 PDA coating 
The substrates were taped on Si wafers by double sided copper tape.  Dopamine-
HCl (2 mg/mL, 200 mL) was completely dissolved in aqueous 10 mM 
(tris(hydroxymethyl)aminomethane)-hydrochloride (Tris-HCl) (pH 8.5) for one minute at 
850 rpm, and substrates were then quickly immersed in this solution for the designated 
time.  During dopamine polymerization, the substrates were oriented vertically in 
solution while stirring at 400 rpm.  After PDA deposition, the coated substrates were 
rinsed with DI water, then quickly immersed in a basic water (10mM Tris-HCl, pH 8.5), 
followed by sonication for 100 min (Branson 2510 Ultrasonic Cleaner).  Finally, the 
samples were dried with a filtered airgun, thoroughly rinsed with DI water, and then dried 
under vacuum for one day. 
Between the PDA coating and sonication procedures, the coated samples were 
kept immersed in Tris-HCl (pH 8.5) buffer solution.  Otherwise, polydopamine granules 
adhered too strongly to be separated from the substrate by sonication.  During the 
sonication process, the samples were steeply tilted or vertically oriented in the basic 
solution during sonication so that PDA grains did not redeposit.  The thicknesses of the 




6.2.4 BCP nanopatterning process 
A 0.4 wt% solution in cyclopentanone (CPN) of two random copolymers of P(S-
r-MMA-r-G), GL51 and GL57, mixed at a 1:1 weight ratio was prepared.  This solution 
was spin-coated onto PDA-coated substrates at 1500 rpm for 40 s, and the resulting films 
were annealed under vacuum at 160
o
C for 48 hours to graft the SNT layer to the 
underlying PDA coating.  The annealed films were then thoroughly washed with 
tetrahydrofuran several times to completely remove unbound GL51 and GL57.  The 
resulting SNT layer was 7-8 nm thick, which is identical to that obtained upon the native 
silicon oxide surfaces of Si wafers.  Subsequently, 1.2 wt% of PS-b-PMMA/toluene 
solution was spincoated on the sample and a 44 nm thick PS-b-PMMA layer was 
achieved.  The PDA coated substrates did not swell or crack as a result of the 
spincoating process.  The annealing conditions were chosen with the thermal stability of 
each substrate in mind.  For example, PS-b-PMMA films on a Si wafer, polyimide-
coated wafer, or Kapton tape were annealed on a 250
o
C hotplate for 5 min in air while 
PS-b-PMMA films on Teflon tape and PET film were annealed under vacuum at 185
o
C 
for 3 h and 160
o
C for 3 h, respectively.  Before imaging, all samples were etched in an 
O2 plasma cleaner (PCD-32G, Harrick) at 10.5 W for 45 s to enhance scanning electron 
microscopy (SEM) imaging contrast by selectively removing the PMMA domain. 
6.2.5 Scanning electron microscope 
Self-assembled BCP thin films on thick polymer substrates such as PET film and 
Teflon tape were treated with osmium tetroxide vapor for 23-28 h to limit charging.  
Top-down SEM micrographs were acquired on a Zeiss Supra 40 VP SEM using the in-
lens detector, an accelerating voltage of 1 keV, and a working distance of 3-6 mm.  




quality was observed on at least five micrographs viewed at different spots over a 
minimum 2 cm
2
 sample size. 
6.2.6 Atomic force microscopy 
Phase images of samples were recorded using an Asylum Research MFP-3D 
AFM in tapping mode.  AFM images were taken using 300 series tapping mode AFM 
tips (tip radius < 10nm, Ted Pella) with a resonant frequency of 300 kHz and a force 
constant of 42 N/m. 
6.2.7 Contact angle goniometry 
Static water contact angles (θw) were measured using a Ramé-Hart, Inc.  NRL 
C.A. goniometer (model #100-00). A 6 μL drop of deionized water was placed on the 
sample for the measurement, and the image was taken within 15 s of placing the drop on 
the sample.  The samples were cleaned with filtered air to remove dust particles. 
6.3 RESULTS AND DISCUSSION 
6.3.1 PDA film growth and surface topography 
We studied the growth of PDA during deposition and its resultant surface 
topography so that we might produce a conformal and smooth functional nano-layer on a 
variety of soft material surfaces.  Substrates were coated with polydopamine by 
immersion in a basic water (pH 8.5) solution during spontaneous dopamine 
polymerization
31
 (Figure 6.1 (a)).  PDA films were formed by a three-dimensional 
island growth mechanism that is concurrent with bulk solution-phase production of 
secondary grains with sizes ranging up to several hundred nm.
41, 46
  The respective 
thickness and size of these features grow over time.  A SEM micrograph of roughly 200 





Figure 6.1: (a) Schematic of dopamine oxidative polymerization process.  (b) SEM of 
particles formed in solution after 3 days of dopamine polymerization. 
The surface roughness of PDA coatings was characterized ex situ after various 
deposition times by optical microscopy and AFM.  Micrographs taken after 5 h and 24 h 
coating times are shown in Figure 6.2.  The films obtained immediately after PDA 
deposition (Figure 6.2 (a) and (d)) are littered with PDA microgranules and are 
unacceptably rough.  Recently, Klosterman et al. showed that PDA deposited on 
surfaces revealed distinct spherical particles on a planar PDA sublayer which consisted of 
mound-like structured small islands with nearly uniform size and shape by high-
resolution AFM.
41
  In an attempt to clean the surfaces, the substrates were bath 
sonicated for 100 min in basic solution.  After sonication, the sample with 5 h PDA 
deposition time was much smoother, with few particles on its surface (Figure 6.2 (b) and 




subjected to 24 h of PDA deposition was still very rough even after sonication (Figure 6,2 
(e) and 6.2 (f), RMS roughness = 9.5 nm).  The adhesion is likely due to some 
combination of hydrogen bonding, charge transfer, and π-π interactions among catechols 
on the interface between the PDA particles and the sublayer.  These characteristics help 
explain the insolubility of PDA and its notable stability as a coating.
34, 41, 46-50
  The 
adsorbed, surface-bound granules are a source of particulate defects when a secondary 
material is layered on top of them.  A continuous, thin and smooth functional PDA layer 
is much more desirable and a critical consideration for merging PDA surface engineering 
with BCP nanopatterning. 
 
 
Figure 6.2: (a, b) Optical micrographs of PDA coatings after 5 h (d, e) after 24 h on a Si 
wafer (a, d) before and (b, e) after sonication.  (c, f) AFM images (third 
column, 50 μm × 50 μm) of Si wafers that were PDA-coated for 5 h (c) and 




To explore the feasibility of even shorter PDA coating times, thicknesses and water 
contact angles (θw) of PDA layers grown on Si wafers were measured after various 
coating times as shown in Figure 6.3.  Our PDA thicknesses measured by spectroscopic 
ellipsometry quantitatively agree with AFM values reported by Ball et al.
46
  The PDA 
layer thickness gradually increased, reaching 18 nm after 5 h.  Sonication in basic water 
(pH 8.5) reduced the apparent thickness of the PDA layer, presumably due to the removal 
of weakly-bound granules.  Encouragingly, a 2-3 nm thick film is obtained with only 30 
min of PDA deposition, and its thickness is not appreciably reduced by sonication.  This 
suggests that PDA deposition times < 1 h may produce films with very few adsorbed 
granules.  The static water contact angles grow rapidly at short PDA deposition times 
and reach a plateau of 52°-62° after only 1 h.  This is consistent with the substrates 
being conformally coated by PDA at only relatively short deposition times.  The 
thickness and contact angle data for longer deposition times (> 8 h) are provided in 






Figure 6.3: (a) Thicknesses and (b) water static contact angles of PDA coatings before 
(red open circles) and after (blue open diamonds) sonication on a bare Si 
wafer (green open triangle) after various coating times.  Error bars in (b) 
represent the standard deviation of 10 separate measurements. 
SEM was used to observe the surface topography of PDA coatings on Si wafers 
before (Figure C.2 in Appendix C) and after (Figure C.3 in Appendix C) sonication.  For 
a PDA surface coating applied for less than 1 h, nanoparticles were successfully removed 
from the surface by sonication in basic water without damaging the PDA conformal 
surface layer; the resulting 2-4 nm-thick PDA layer appeared suitable for defect-free BCP 
nanopatterning.  Zangmeister et. al. found that ~3 nm was the thinnest continuous PDA 
layer possible.
51
  On the other hand, for PDA coatings applied for longer than 1 h, 
numerous nanoparticles remained on the surface even after sonication (Figure C.2 in 




6.3.2 PDA-assisted surface engineering process 
Figure 6.4 (a) shows our process flow for PDA-assisted BCP lithography. 
Substrates were immersed for 1 h in a dopamine solution (2 mg/mL) in 10 mM Tris-HCl 
(pH 8.5), followed by sonication in basic water (pH 8.5). The mussel-inspired universal 
adhesive nature of the PDA enabled modification of the surface energy on a variety of 
substrates.  As shown in Figure 6.4 (c) and Table 6.1, the PDA treatment allowed 
convergence of water contact angles on a wide variety of substrates (native surfaces with 
contact angles of 0°-113°) within a range of 52°-68°, demonstrating a PDA-like chemical 
environment.  Subsequently, P(S-r-MMA-r-G) (surface neutralization treatment, SNT) 
was grafted onto the PDA sublayer via coupling of the glycidyl groups of the random 
copolymer with the catechol and amine on the PDA-coated surface as Liebscher et al. 
proposed.
49
  After thermal annealing and thorough rinsing with tetrahydrofuran, a 7-8 
nm thick SNT layer was obtained.  Annealing/rinsing experiments performed atop PDA 
coated Si wafers indicated that crosslinking of our SNT materials is not significant 
(Figure C.6).  Then after spin-coating and annealing a PS-b-PMMA layer, the lamellar 
microdomains were vertically oriented because the SNT is non-preferentially wetted by 
either BCP domain.
23
  Subsequent incorporation of a SNT onto the PDA sublayer and 
following self-assembly of PS-b-PMMA finally resulted in consistent contact angles 
falling within the range of 81°-88°, the expected contact angle of a PS-b-PMMA surface.
9
  
All contact angles eventually converged to the specific values expected of pure PDA and 
PS-b-PMMA for each step, regardless of the type of underlying substrate material, thus 






Figure 6.4: (a) A schematic of PDA-assisted PS-b-PMMA BCP lithography for soft 
material surfaces.  (b) Grafting mechanism of a surface neutralization 
treatment (SNT) on top of a PDA layer, where R represents P(S-r-MMA-r-
G).  (c) Pictures of water droplets on bare (left), polydopamine-treated 





Substrate Bare (°) 1 h PDA Coating (°) 
Vertically Oriented 
PS-b-PMMA (°) 
Si ˂ 5 52  4 86  1 
Polyimide 76  2 64  3 81  1 
Kapton tape 88  1 68  3 88  2 
PTFE SAM 85  4 60  2 82  2 
Teflon tape 113  3 68  2 83  2 
PET 66  3 56  2 85  2 
Table 6.1: Static contact angles on various substrates after surface modification.  
Range indicates standard deviation from 10 separate measurements. 
6.3.3 BCP lithography on soft materials 
The effect of the PDA layer roughness on the BCP nanopattern fidelity is shown 
in Figure 6.5.  A smooth coating was obtained with a 1 h PDA deposition time and 100 
min sonication in mild aqueous base as shown in Figure 6.5 (a),(b) and (c).  Its root-
mean-square roughness (3 μm × 3 μm) was 0.4 nm, which is nearly equivalent to that of 
the underlying Si wafer (~ 0.3 nm).  Consequently, the BCP nanopattern obtained on 
this surface is free of granule defects.  On the other hand, the PDA coating surface after 
a 5 h deposition time and sonication reveals many particles with heights ranging up to 77 
nm (Figure 6.5 (d) and (f)).  These are larger than the total thickness of the polymer ad-
layers consisting of an SNT layer (8 nm) and of BCP film (44 nm).  The large particles 
spanned the depth of the BCP thin film and protruded from the nanopatterned surface 






Figure 6.5: Representative SEM and AFM micrographs of (a, b, c) 1 h and (d, e, f) 5 h 
PDA deposition times (a, d) after sonication, and (b, c, e, f) after subsequent 
BCP nanopatterning.  Full SEM micrographs are provided in Figure C.3 in 
Appendix C. 
 
As shown in Figure 6.6, BCP lithography was successfully achieved on not only 
smooth organic and inorganic surfaces but also on flexible commercial polymer films.  
For example, this BCP lithography approach readily generated uniform and periodic 
fingerprint BCP nanodomains on diverse substrates from an extremely hydrophilic SiO2 
surface (θw = ~5°) to an exceptionally hydrophobic Teflon surface (θw = 113°, Table 6.1).  
Furthermore, perpendicular lamellae orientation of PS-b-PMMA was successfully 
fabricated on not only a smooth PTFE brush SAM (Figure 6.6 (a)) but also on 




in spite of the well-known chemical inertness of perfluorinated materials.
35
  In fact, BCP 
nanopatterning was unsuccessful on Teflon tape without PDA treatment because the SNT 
solution could not be coated on Teflon tape due to its low surface energy (Figure C.5 in 
Appendix C). 
This demonstrates that our surface engineering approach depends neither on 
surface energy/chemistry nor on the physical topography of the substrates as a previous 
study demonstrated.
35
  Moreover, BCP nanopatterns were also successfully introduced 
onto polyimide (Figure 6.6 (c)), its commercial relative Kapton (Figure 6.6 (d)), Teflon 
tape (Figure 6.6 (b)) and PET (Figure 6.6 (e)).  The implication of these successes is the 
approach’s wide applicability to a variety of commercially important polymer substrates, 
especially flexible materials suitable for high-throughput roll-to-roll processing.  The 
reader may note that the nanopatterns formed atop commercial, rough films (Figure 6.6 
(b), (d), and (e)) show more defects than those atop coated, planarized wafers (Figure 6.6 
(a), (c), and (f)).  We attribute those defects to topological defects on the uncoated 
commercial films, such as the Teflon film surface shown in Figure C.5 (a) in Appendix 






Figure 6.6: Representative SEM images of perpendicularly oriented PS-b-PMMA 
domains on (a) PTFE brush SAM, (b) Teflon tape, (c) polyimide thin film, 
(d) Kapton tape, (e) PET film, and (f) Si wafer.  Full micrographs (1.9 m 
× 2.8 m) are provided in Figure C.4 in Appendix C. 
To emphasize the flexibility of the substrates employed here, SEM imaging was 
performed on one of the most common roll-to-roll substrates, PET film while it was 
bowed across a microscopy stub as shown in Figure 6.7 (a).  A representative 
micrograph from its surface observed by SEM is shown in Figure 6.7 (b).  Based on the 
initial length of the sample and the chord length once affixed to the stub, we estimate the 
bending radius as ~0.5 cm, which is smaller than a safe bending radius of plastic 
substrates in a roll-to-roll process (4 cm).
42
  Because the PDA, SNT, and BCP coating 
stack is very thin and strongly adhered to the underlying flexible substrate, the 
nanopattern remains affixed and its microdomains are still isotropically aligned.  In 




be relatively non-destructive to the electronic properties of the underlying material,
35
 
unlike alternative adhesion strategies that rely on plasma.
52-54
  Therefore we anticipate 




Figure 6.7: (a) A nanopatterned PET substrate in SEM imaging chamber, demonstrating 
mechanical robustness to bending.  (b) Representative SEM micrograph of 
the surface of the BCP coated PET substrate during bending. 
6.4 CONCLUSIONS 
A mussel-inspired universal strategy for surface treatment resulted in vertically 
oriented BCP domains on a variety of demanding but technologically important surfaces, 
including flexible organic substrates.  Sonication of the initially grown PDA deposition 
(˂ 1 h) in mild alkaline water (pH 8.5) resulted in thin, smooth (RMS roughness ~ 0.4 
nm) and conformal functional PDA ad-layers with dense functionality available for 
secondary reactions.  PDA grew quickly on a wide spectrum of polymeric substrates 
with varying hydrophilicity (θw = 0°-113°) to converge in 1 h to a surface hydrophilicity 
consistent with pure PDA (θw = 52°-68°).  This demonstrates a fast, efficient, and 




modification approach represents a potentially useful processing tool to complement 
current BCP lithography procedures by allowing simple functionalization of any surface 
that is compatible with conventional thermal annealing. 
6.5 FUTURE WORK 
6.5.1 Universally adhesive SNT 
In the present study, a multi-layer approach was employed for BCP self-assembly; 
PDA thin layers atop the flexible substrates served as a universal adhesive layer as well 
as provided reactive sites for subsequent grafting of the SNT layer.  This fabrication 
method requires two polymer deposition steps of the PDA and SNT layers respectively, 
which could be simplified by synthetic approaches.  As shown in Figure 6.8 (a), instead 
of having two layers consisting of SNT and PDA separately, a single layer (SNT-PDA) 
could serve as a new SNT layer that can adhere on a variety of substrates with less 
coating steps.  Here, the SNT-PDA needs to possess both styrene and methyl 
methacrylate to achieve a neutral surface for PS-b-PMMA, in addition to a DOPA related 
moiety for promoting adhesion to the substrates. 





 among others.  One potential structure for SNT-
PDA is shown in Figure 6.8 (b) where N-methacryloyl-3,4-dihydroxyl-L-phenylalanine 
(MDOPA) was chosen as the DOPA moiety based on the successful conventional radical 
polymerization by Chung and Grubbs et al.
27
  This report also demonstrated that 
incorporating only 15 mol% of the MDOPA component led to a doubling of the shear 
strength of adhesives on the substrate.  In the random copolymer, SNT-PDA, optimizing 
x and y while minimizing z to maintain solubility in organic solvent could result in a one-




In order to reinforce the mechanical and BCP coating solution stability of the SNT-PDA, 
adding a cross-linkable moiety, such as glycidyl or azido groups described in Chapter 
5.2.1, may be required.  
 
 
Figure 6.8: (a) Schematic of proposed approach for a one-component SNT-PDA layer.  
(b) One potential structure of SNT-PDA. 
6.5.2 PDA lithography 
A patterned PDA layer could have potential for a variety of applications, such as 
cell adhesion, metal deposition, and surface grafting.
56
  Such patterning has been 
attempted using the polydimethylsiloxane (PDMS) stamping method.
56, 57
  However, 
this approach cannot be applied to all substrates, such as Teflon or PET, due to their low 
surface energy.  In order to pattern PDA on a variety of substrates, precise spatial 
control using a non-contact technique is strongly desired. 
To this end, a traditional photolithographic approach using photobase generator 
(PBG) may address this issue.  Figure 6.9 illustrates a schematic of a PDA patterning 
process using PBG.  Here, PBG generates base upon UV radiation and annealing, and 
one of the candidates for PBG is Nifedipine, which has been widely employed in 
polymeric systems.
58




with a binder, such as PEG, to tune the viscosity during spincoating.  Subsequently, 
patterned UV light (365 nm for Nifedipine)
58
 and heating will induce patterned base 
(Figure 6.9 (a) and (b)).  Since dopamine polymerization is sensitive to pH, the basic 
conditions in light exposed regions should initiate the development of PDA (Figure 6.9 
(c)).  A series of blanket exposures would be needed to first determine the optimal 
processing parameters (e.g., light dose, PBG loading, etc.).  And finally, the residual 
layers could be washed away by acid resulting in a patterned PDA layer as shown in 
Figure 6.9 (d). 
 
 
Figure 6.9: Schematic diagram of fabrication of patterned PDA.  (a) Dopamine-HCl 
and photobase generator (PBG) are first spin coated on the substrate.  (b) 
Subsequent patterned light exposure and thermal annealing produce 
patterned base.  (c) Due to pH change in the exposed area, a PDA pattern is 
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Chapter 7:  Large area fabrication of graphene nanoribbons by 
wetting transparency-assisted block copolymer lithography 
7.1 INTRODUCTION 
Graphene has captured tremendous attention as a two-dimensional (2D) material 
for its high electron mobility, thermal conductivity, optical transparency, and mechanical 
strength.
1-4
  In particular, graphene has longer plasmon lifetimes than that of noble 
metals such as gold and silver,
5
 which indicates huge potential for using graphene as a 
plasmonic material in the mid-infrared (MIR) and visible light regimes.
6
  When 
graphene is spatially confined into a graphene nanoribbon (GNR) or graphene nanomesh, 
the wide tunability of the graphene plasmon is revealed, and such graphene 
nanopatterned arrays can be used in various applications ranging from protein 
biosensing
7
 to MIR-terahertz (THz) spectroscopy.
6, 8-10
  For example, Rodrigo et al. 
recently reported a high-sensitivity tunable plasmonic biosensor fabricated with GNR 
arrays (from 20 nm to 60 nm in width).
7
  Also, Silveiro et al. showed an exceptional 
tunability of GNR’s plasmonic properties by controlling width, doping, and edge 
formation of GNRs.
11
  However, most current plasmonic GNR arrays are fabricated 
using electron beam lithography (EBL), which is a low throughput method that does not 
easily scale to large areas (~cm
2
) in a cost-effective way.
12
  
There have been numerous attempts to fabricate GNRs, and existing methods 
have both advantages and limitations.
12





 can produce GNRs with widths down to 5 
nm,
14
 sometimes with controlled edge conformations.
13
  The limitations associated with 
bottom-up approaches are difficulties in handling and positioning GNRs for device 
fabrication and scale-up.
12





 and unzipping of carbon nanotubes,
18




easily locate GNRs for device applications
12
 but typically have difficulties with 
resolution, width control, and scale-up.
12
  In the case of using GNR arrays in a MIR-
THz spectroscopy or heat harvesting device, arrays over large areas are crucial for 
achieving suitable signal to noise ratio.  In fact, Zhang et al. recently reported successful 
fabrication of cm
2
 scale graphene nanodot arrays.
19
  Another challenge to be addressed 
is the production of GNR arrays by a simpler and potentially scalable methodology to 
further enable plasmonic GNR devices. 
Block copolymer (BCP) lithography
20





 BCPs are polymers that consist of two 
chemically different polymer segments, or blocks, joined with a single covalent bond.  
Since intermixing of the two blocks is usually thermodynamically unfavorable, the blocks 
phase segregate into domains as small as 5 nm
32
 that can be used as etch masks to 
transfer the BCP domain patterns into the underlying graphene. The tunability in BCP 
domain size is afforded during synthesis by adjusting block lengths which in turn allows 
control over the widths of GNRs
22, 27
 and diameters of graphene nanomeshes
22, 23
 
following etch transfer of the BCP pattern into the graphene.  For instance, Son et al.
27
 
and Liang et al.
22
 have successfully fabricated sub-10 nm GNRs using BCP lithography. 
Of particular importance is that BCP lithography is generally known to be capable of 





Since thin BCP films are used as etch masks for GNR fabrication, perpendicular 
orientation of the BCP domains is crucial.  Perpendicular orientation can be achieved 
only when the surface energy of the underlying substrate is neutral; in other words, the 
substrate must not prefer to contact one block of the BCP over the other.
34
  Otherwise, 
one of the blocks will preferentially contact or wet the substrate, inducing a domain 




control the surface energy of underlying substrates, a thin cross-linked polymer layer 
termed a surface neutralization treatment (SNT) is often used as was introduced in 
Section 5.2.1.
34-36
  In past GNR fabrication studies, the SNT layer has often been placed 
between the BCP and the graphene layer and it remains on top of the GNR after etching 
processes.
22, 26-28
 Therefore, previous BCP-assisted GNR fabrication methods required 
additional steps to remove the cross-linked SNT layer, such as baking the specimen at 
1000
o
C under a mixture of argon and hydrogen, to reveal the underlying GNR.
27
 
In this study, we propose that graphene’s unique surface energy characteristic, so-
called “wetting transparency (WT),”
37, 38
 can be exploited for GNR production.  
Examples of the WT of graphene include a report that the wettability of water on 
graphene is dominated by the underlying substrate because graphene is atomically thin.
37
  
We note that there are some exceptions for substrates with strong short-range 
interactions, such as hydrogen-bonding.
37, 38
  Taking advantage of the WT of graphene 
in the present study, we demonstrate a robust procedure to fabricate GNRs by placing the 
cross-linked SNT layer underneath graphene where the WT enables the SNT layer to 
control the orientation of BCP through the graphene.  This way, the BCP layer can be 
placed directly on graphene, which simplifies the GNR fabrication process.  Very 
recently, poly(styrene-block-methyl methacrylate) (PS-b-PMMA) has been 
perpendicularly oriented on graphene by exploiting the WT of graphene, but its 




Another advantage is that the WT-assisted GNR fabrication method could also be 
compatible with chemo-epitaxial directed self-assembly (DSA), which can be used to 
guide the alignment of BCP lamellae patterns along pre-patterned lines into device 
relevant arrangements.
40




a large scale (7.6 m × 5.7 m) with very few defects.
41
  Applying the WT-assisted 
GNR fabrication approach to DSA will open up opportunities to fabricate GNRs into 
prescribed arrangements, which can potentially improve both optical and electrical 
properties of GNRs, such as their plasmonic resonance
42





All chemicals were purchased from Sigma-Aldrich or Fisher Scientific and used 
as received unless otherwise noted. Monolayer graphene was grown on a 35 m thick 
copper foil (Oak-Mitsui, Miller-Cu) by low-pressure chemical vapor deposition 
(LPCVD) according to a previously reported procedure.
44
  The copper foil (1.5 cm × 7 
cm) was used as received and loaded in a fused silica tube (22 mm ID) housed in a 
furnace, and the tube was evacuated to a pressure lower than 1 × 10
-4
 mTorr.  Once the 
pressure reached equilibrium, hydrogen gas was introduced at 2 sccm.  The pressure in 
the tube was at ~25 mTorr, and the tube was heated to 1030
o
C.  After keeping the 
temperature at 1030
o
C for 15 min, methane gas was added at 4 sccm for 10 min for 
graphene growth, and the pressure inside the tube was ~ 60 mTorr.  After stopping the 
methane purge, the silica tube was cooled down to room temperature, maintaining 
hydrogen flow. 
In order to prepare GNRs with different widths, PS-b-PMMA polymers with three 
different molecular weights were used: 1. 18 kg/mol-b-18 kg/mol (18k-18k), 2. 33 
kg/mol-b-33 kg/mol (33k-33k), and 3. 105 kg/mol-b-106 kg/mol (105k-106k).  PS-b-
PMMA (33k-33k, and 105k-106k) samples were purchased from Polymer Source, Inc. 
and used as received.  PS-b-PMMA (18k-18k) was synthesized by anionic 




(L0) was 27 nm (18k-18k), 40 nm (33k-33k), 104 nm (105k-106k) as estimated by Fast 
Fourier Transform analysis of scanning electron microscope (SEM) micrographs by 
ImageJ.  The SNT layer for PS-b-PMMA was an azide-containing poly(4-tert-
butylstyrene-random-methyl methacrylate-random-4-vinylbenzyl azide) (poly(tBuS-r-
MMA-r-VBzAz)), which was synthesized following a previously reported procedure.
35, 45
  
The molar ratio of tBuS: MMA: VBzAz was 27: 68: 5 for 18k-18k, and 40: 56: 4 for 33k-
33k and 105-106k, which were confirmed by combustion analysis. 
7.2.2 Anionic polymerization of 18k-18k PS-b-PMMA 
The 18k-18k PS-b-PMMA was synthesized using anionic polymerization. HPCL-
grade tetrahydrofuran (THF) was purchased from J.T. Baker and purified with an 
Innovative Technology Pure Solv MD-2 solvent purification system equipped with two 
activated alumina columns. Styrene was purified by distilling twice over di-n-
butylmagnesium (1.0 M in heptane, dried on Schlenk line before use). Methyl 
methacrylate (MMA) was purified by first stirring with calcium hydride (1 g/100 g 
MMA) then distilled. Trioctylaluminum was added to the distilled MMA until a faint 
yellow color held, then the MMA was distilled again. The purified monomers were 
brought into a drybox. The reactor vessel was flame dried five times, and then the 
appropriate amount of THF was added to the reactor vessel and cooled to -78°C. The 
appropriate amount of sec-butyllithium was added to initiate the reaction. Styrene was 
added dropwise to the reactor vessel using an airtight glass syringe, and the solution color 
was orange. After 1 h, an appropriate amount of diphenylethylene was added to the 
reactor (five times the molar amount of chain ends), and the solution color was blood red. 
An aliquot was taken, and MMA was added dropwise to the reactor. The solution turned 




78°C, degassed methanol was used to terminate the reaction. The polymer was 
precipitated in methanol and dried in vacuo. 
7.2.3 Sample preparation 
All spin coating solutions were filtered with 200 nm pore size Teflon filters 
(CHROMAFIL Xtra PTTE 20/25) to remove particles, and the thickness of each layer 
was measured after spin coating by a spectroscopic ellipsometer (J.A. Woollam M-
2000D) with a fitting wavelength range of 400-1000 nm.  The SNT layer was prepared 
by spin coating a 0.5 wt% solution of P(tBuS-r-MMA-r-VBzAz) from toluene onto a 
high resistance and undoped double-sided Si wafer (University WAFER 2772) with a 1.5 
nm native silicon oxide layer used as received, and the sample was annealed at 250
o
C for 
5 min in air.  The un-crosslinked polymer was removed by placing the sample on the 
spincoater for 45 sec at 3500 rpm, where it was washed 5 times with excess toluene.  To 
remove residual solvent, the sample was annealed at 100
o
C for 5 min under atmospheric 
conditions, and the resulting SNT layer thickness was 15 nm. 
The LPCVD-grown graphene layer (1.5 cm × 1.5 cm) was transferred onto SNT 
using a poly(methyl methacrylate) (PMMA) supported graphene transfer process.
46
  The 
PMMA (996 kg/mol as reported by the manufacturer) was purchased from Sigma-
Aldrich and used as received.  A 60 mg/mL solution of PMMA in anisole was spin 
coated at 4000 rpm for 1 min onto the graphene/copper sample whose edges were taped 
on a glass slide.  The sample was annealed at 130
o
C for 15 min on a hot plate to remove 
residual solvent and to relax residual stress in the PMMA film.  The copper foil and the 
graphene grown on the underside of the copper foil were removed by a two-step etch 
process.  First, the side without PMMA on top was treated with a nitric acid/water 




was floated on a 0.1 mol/L ammonium persulfate (APS, (NH4)2S2O8))/deionized water 
solution overnight.  The samples were floated on 300 mL of deionized water for at least 
2 h to remove residual APS, after which the graphene was finally transferred onto the 
SNT substrate.  The transferred graphene on SNT was dried at room temperature for 1 h 
then at 130
o
C for 15 min under atmospheric pressure.  The sample was soaked in ~100 
mL of acetone and stirred at 120 rpm overnight to remove the PMMA.  Then, the 
graphene, which has now been transferred onto the SNT, was treated by a basic plasma 
cleaner (HARRICK PDC-32G) for 20 sec with an oxygen partial pressure of 350 ± 5 
mTorr and 6.8 W applied to a radio frequency coil to enhance the wettability of the 
graphene to the BCP solution. 
A 1.25 wt% solution of PS-b-PMMA in cyclopentanone was prepared and 
spincoated at 1800 rpm onto the graphene/SNT substrate, resulting in a 45 nm thick film.  
The samples were then annealed at 200
o
C for 2 min for 18k-18k, and 250
o
C for 5 min for 
33k-33k and 105k-106k to orient the domains perpendicularly.  To selectively remove 
the PMMA and transfer the pattern into the graphene to form GNR, the sample stack was 
exposed to a CO2-based reactive ion etching (RIE) process using a commercial 300 mm 
capacitively coupled plasma reactor (Lam Research Flex™ E Series dielectric etch 
system).  For all RIE tests, coupons (~400 mm
2
) containing the sample stack were 
thermally pasted (Type 120 silicone, Wakefield Solutions) onto the center of 300 mm 
ArF resist carrier wafers prior to plasma etching.  The remaining PS layer on top of the 
GNR was washed away by soaking the sample in 100 mL of THF for at least 12 h and 
subsequently washed with isopropanol and blown dry by filtered air. The sample was 




7.2.4 Scanning electron microscope 
The SEM images in Figure 7. 2 (a)-(f) were collected using a Hitachi S-9380II 
CD-SEM operating at an accelerating voltage of 800 V and a working distance of 2.7 - 
2.8 mm.  For Figure 2 (g)-(i), a Hitachi S-4500 SEM was used with an acceleration 
voltage of 5.0 kV and a working distance of 5 mm. 
7.2.5 Atomic force microscopy 
Atomic force microscopy (AFM) was used to image the GNR after etching.  The 
data was collected on an Asylum Research MFP-3D Origin AFM.  The silicon tips used 
had a radius of 9 ± 2 nm with a resonance frequency of 300 kHz and were purchased 
from Asylum Research.  Each scan had 1024 points/line and 1024 lines, and the scan 
rate was 3 μm/s. 
7.2.6 Contact angle measurement 
Dynamic contact angles were measured by the Ramé-hart NRL C.A. goniometer 
(model no. 100-00) using the needle-in-the-sessile-drop method.  All measurements 
were performed at room temperature with the needle embedded inside the liquid droplet.  
After the substrate was cleaned with isopropanol and dried with filtered air, a liquid 
droplet with volume around 7 µL was manually deposited for 2 sec on the surface by a 
Gilmont micrometer dispenser syringe.  The contact angle was measured with a time 
interval of 0.24 sec based on the image captured by a CCD camera of the goniometer 
using the DROPimage (version 1.5.06) software.  The droplet was allowed to grow to 
the maximum droplet size for 10-15 sec.  After the droplet settled, the liquid was 
withdrawn with the needle for another 2 sec. Again, the droplet was allowed to recede to 
the lowest contact angle for 10-15 sec.  This expansion and retraction cycle of the liquid 




procedure was performed at least five times for each combination of liquid type and 
substrate sample. 
7.2.7 Raman microscopy 
Transferred graphene on Si wafers was characterized by Raman microscopy 
(Witec Micro-Raman Spectrometer Alpha 300).  The excitation wavelength was 488 
nm, and the laser power was 20 mW.  The spectrum was obtained with an objective lens 
with a magnification of 100× and a numerical aperture of 0.95. Integration time was 4 
sec. 
7.3 RESULTS AND DISCUSSION 
7.3.1 Graphene nanoribbon (GNR) fabrication 
A schematic diagram of the WT-assisted GNR fabrication process is shown in 
Figure 7.1.  Monolayer graphene grown on a copper foil by LPCVD was transferred 
onto a SNT coated (15 nm thick) Si wafer using a modified PMMA-assisted transfer 
method (Figure 7.1 (a) and (b)).
46, 47
  Before spin coating the PS-b-PMMA BCP 
solution, the graphene surface was treated by O2 plasma at a lower power (6.8 W) and 
shorter time (15 sec) than typical O2 plasma treatments (called a “mild O2 plasma 
treatment”
48
) to enhance the wettability of the BCP solution during spin coating (Figure 
7.1 (c)) on the graphene. In order to prepare GNRs with different widths, PS-b-PMMA 
polymers with three different molecular weights ,18k-18k, 33k-33k, and 105k-106k were 
used.  The resulting BCP layers was 45 nm thick, for all molecular weights, on the 
graphene/SNT substrate.  The samples were then annealed to provide mobility to the 
polymer such that the domain structure can form and organize into perpendicular 
lamellae (Figure 7.1 (d)).  In order to use the BCP layer as an etch mask for the 




(e)).  The remaining PS pattern then acted as an etch mask, and the pattern was etch 
transferred into the underlying graphene layer, resulting in a GNR decorated surface 
(Figure 7.1 (f)). 
 
 
Figure 7.1: Schematic diagram of WT-assisted BCP lithography for GNR fabrication.  
(a) Monolayer graphene was grown on a copper foil.  (b) The graphene 
was transferred onto a SNT-coated Si wafer using a PMMA-assisted transfer 
method.  (c) PS-b-PMMA was spin-coated on the mild plasma treated 
graphene substrate, and (d) annealed to achieve perpendicular domain 
orientation.  (e) The PMMA domain of the BCP was selectively removed 
by a CO2 based etching process and the pattern was transferred into the 
underlying graphene.  (f) The remaining PS was removed by soaking in 
THF, and then the sample was dried at room temperature under vacuum. 
The order in which the BCP, graphene, and SNT layers are stacked is the key to 
simplifying the GNR fabrication process.  Since the GNR is formed on top of the cross-
linked or immobilized SNT layer, the process described in this paper does not require 
additional steps to remove the cross-linked SNT layer after etching.  Instead of baking 
the GNR at a high temperature, the residual un-crosslinked PS mask layer at the top of 




eliminates the risk of damaging the graphene or other integrated device structures during 
the removal of the crosslinked SNT layer. 
Another novel aspect of the WT-assisted GNR fabrication method is the use of 
lamellae-forming PS-b-PMMA.  In most previous studies, cylinder-forming BCPs were 
used as the etch mask.
25, 27, 29
  Using parallel cylinders to make GNRs required a more 
complicated etch process because the cylinders are not uniform in width throughout the 
depth of the thin film.
20
  In contrast, the lamellar width is uniform throughout the depth 
of the film regardless of the etching depth, which can offer more precise control of 
etching processes.  Also, PS and PMMA have almost identical surface energies at the 
thermal annealing temperatures used here, which simplifies the BCP orientation process 




7.3.2 Top-down and cross-sectional structure 
Successful GNR fabrication was confirmed by SEM and AFM.  Figure 7.2 (a)-
(f) are the SEM images before the removal of PS fingerprint pattern corresponding to 
Figure 7.1 (f).  The tilted-top view (Figure 7.2 (a)-(c)) shows the etching process 
successfully removed the PMMA block, and the cross-sectional view (Figure 7.2 (d)-(f)) 
shows that the polymer layers (BCP and SNT) are cleared by the etching process.  
Considering that the graphene is placed between the BCP and SNT, this observation 
indicates that the graphene is etched through transforming it into GNRs.  After 
removing the PS layer at the top, the structure of GNRs was identical to the PS 
fingerprinting pattern, demonstrating pattern transfer from the BCP mask to fabricate the 
GNRs.  The GNR widths were estimated to be 13 nm (± 5 nm), 22 nm (± 4 nm) and 51 




images in Figure D.1 in Appendix D indicates successful fabrication of a GNR arrays 
without a significant number of defects (i.e., no regions showing GNR lift-off or damage) 
in an area of 3 m × 3 m. 
 
 
Figure 7.2: Representative scanning electron microscope (SEM) images of (a-f) etched 
PS “fingerprint” patterns, corresponding to Figure 7.1 (e) and (g-i) GNR 
arrays after removing the PS etch mask, corresponding to Figure 7.1 (f).  
All scale bars represent 200 nm.  The widths of GNR are (g) 13 ± 5 nm, (h) 
22 ± 4 nm, and (i) 51 ± 15 nm. 
In the WT-assisted GNR fabrication process, both the mild plasma treatment and 
the underlying SNT contribute to the neutral surface energy of the substrate, leading to 




that the surface energy of reduced graphene oxide films can be tailored by optimizing the 
reducing conditions of graphene oxide to successfully achieve perpendicular orientation 
of BCP domains without a SNT.
30
  In our case, when the PS-b-PMMA solution was spin 
coated on the mild plasma treated graphene supported by a Si wafer without a SNT layer, 
only a parallel domain orientation was observed (Figure D.2 in Appendix D).  This can 
be explained by the fact that graphene is more hydrophobic than graphene oxide, and the 
ability to change surface energy dramatically under mild plasma is limited; more 
aggressive treatment conditions are not desirable because they could adversely disturb the 
other desirable properties of graphene. 
7.3.3 Surface energy evaluation of graphene and SNT substrates 
In order to obtain fundamental insights into the WT-assisted GNR fabrication 
method, we investigated the surface energy of the substrates, which is one of the most 
critical factors in controlling the orientation of the BCPs.
34, 50
  The Owens-Wendt 
model
51
 is known as a simple and reliable method to evaluate surface energies of 
graphene
52
 and other substrates.
50
  This model is based on an assumption that the 
surface energy S is a sum of the dispersive (S
Dispersive





The dispersive and the polar contributions can be estimated by measuring the contact 
angles of diiodomethane (DIM) (DIM) and water (water) droplets, respectively, deposited 









































represent the dispersive and polar components of liquid X 
(DIM or water), respectively, and these values were taken from literature.
51
  Dynamic 
contact angle measurements were measured to improve reproducibility,
53




(a) shows a set of representative data for a SNT layer.  By using an 8
th
 order Fourier 
series to fit the dynamic contact angle hysteresis, A and R were determined, and 
Young’s contact angle (Y), equivalent to the static contact angle, was calculated using 
Tadmor et al.’s theory
54
 as shown in Figure D.3 in Appendix D. 
 
 
Figure 7.3: Determination of the contact angle of water and diiodomethane (DIM) for 
surface energy characterization.  (a) A set of representative dynamic water 
contact angle measurements for the SNT layer.  Inserted images are 
snapshots of the advancing and receding water droplets.  (b) Young’s 
contact angles (Y) of DIM (blue) and water (red) estimated by dynamic 
contact angle measurements for SNT (open), and graphene on top of the 
SNT before (cross hatched) and after mild plasma treatment (filled).  Error 
bars are the standard deviations from five measurements.  (c) Surface 
energy of substrates estimated by contact angle measurements with DIM for 
the dispersive component (blue) and water for the polar component (red). 
The total surface energy is the sum of the dispersive and polar contributions 
(purple) for each sample.  Error bars are propagated error from the contact 




The DIM and water are shown in Figure 7.3 (b) for SNT without graphene, 
graphene on SNT, and mild plasma treated graphene on SNT. From these contact angles, 
the surface energies of the substrates were calculated using Eq. 7.1 and are plotted in 
Figure 7.3 (c).  Comparing with and without graphene on the SNT layer, DIM did not 
change significantly within error, while water increased by 9 degrees.  As a result, 
S
Dispersive
 was identical with and without graphene, while S
Polar





 increased by ~18 mJ/m
2
 for mild plasma treated graphene, and the 
increase of the total surface energy was dominated by the effect of the polar component. 
At first glance, the change in surface energy for mild plasma treated graphene on 
SNT compared to graphene on SNT in Figure 7.3 (b) and (c) seems to suggest that there 
is a breakdown of the WT of graphene.  However, it is not clear that WT should be 
observed for mild plasma treated graphene given that a small amount of oxygen 
containing species are expected to be generated on the surface during this treatment.  
From the perspective of forming the desired structures, perpendicularly orientated BCP 
domains were observed both on SNT substrates and on mild plasma treated graphene on 
SNT substrates, which implies that those two substrates both have a suitable surface 
energy for this application.  If the surface energies were too far from neutral for the 
BCP, one of the systems would have resulted in parallel BCP domains.  Furthermore, it 
was observed that the BCP solution could not be spin coated evenly on graphene without 
the mild plasma treatment, and the perpendicular orientation of BCP domains was never 
observed on mild plasma treated graphene without an underlying SNT.  Considering all 
this experimental evidence together suggests that, while graphene may be nearly wetting 
transparent, mild plasma treated graphene may only be partially wetting transparent in 




Aside from the chemical nature of the surface, roughness could be another 
contributing factor for wettability.
55, 56
  The effect of the surface roughness on the 
contact angles can be described by the Wenzel model:
55
 
 cos'cos r          (7.2) 
where r is a roughness ratio between rough and flat surfaces (always > 1), and ’ and  
are the contact angles on rough and flat surfaces, respectively.  The graphene on the 
SNT substrate is intrinsically rougher than the bare SNT surface because the grain 
boundaries in the copper foil used in LPCVD are templated in the resulting graphene 
(Figure 7.1 (a)).
44
  Therefore, Equation 7.3 suggests that the contact angle of graphene 
should decrease, and surface energy of the graphene should increase due to the rougher 
graphene surface.  The rougher graphene surface is one possible explanation for the 
decrease of water after graphene transfer onto SNT (Figure 7.3 (b)).  A competing factor 
is that airborne contaminants are reported to increase the water contact angle of graphene 
(corresponding to decreased surface energies) after exposing graphene to air.
52, 57
  In our 
system, the mild plasma treatment should remove the airborne contaminants at the 
surface in addition to slightly oxidizing the graphene as is shown in Figure D.4 in 
Appendix D.
48
  Both the removal of the airborne contaminants and slight oxidation of 
graphene explain the reduction of water contact angles after mild plasma treatment in 





7.3.4 GNR structure and integrity 
The quality of the GNR in a area of 3 m × 3 m was investigated with Raman 
microscopy, and Figure 7.4 (a) shows a representative spectrum of a 22 nm-wide etched 
PS-b-PMMA (no graphene present) and 13, 22, and 51 nm-width GNRs, all on a SNT 
layer.  The spectrum of GNR was identical to that of untreated graphene, including the 
D band at ~1350 cm
-1
, the G band at ~1580 cm
-1




  The 
larger D band relative to the G band in GNR spectra could be due to slight oxidization 
during the etching process.  Comparing the spectrum of the etched PS-b-PMMA with 
that of GNRs, the etched PS-b-PMMA does not exhibit either D, G or 2D bands, 
indicating the signal originated from the GNRs.  Large-area uniformity of the 22 nm-
width GNR was investigated by Raman mapping with a 100× magnification lens, and the 
integrated intensity for D (1250-1450 cm
-1
) and G (1500-1720 cm
-1
) band mappings are 
shown in Figure 7.4 (b) and (c), respectively.  In the observed area (3 m × 3 m), no 
significant defects in the GNR were found.  We would like to note that the finger print 
pattern is not detectable given that each pixel size is 150 nm × 150 nm in this experiment, 
but 3 m × 3 m AFM phase images also indicate that the patterns (Figure D.1 in 
Appendix D) are essentially uniform over large areas without displaying any major 
damage.  These observations show that this WT-assisted GNR fabrication method 





Figure 7.4: (a) A representative Raman spectrum of etched 22 nm-width PS-b-PMMA 
in absence of graphene (red solid line) and 13, 22, and 51 nm-width GNRs 
(black broken lines), all on a SNT layer.  (b,c) 3 m × 3 m integrated 
intensity Raman maps of 22 nm-width GNR of (b) D (1250-1450 cm
-1
) and 
(c) G (1500-1720 cm
-1
) bands.  Each pixel size is 150 nm × 150 nm. 
7.4 CONCLUSIONS 
In conclusion, the large-area fabrication of 13, 22 and 51 nm-wide GNR arrays 
were demonstrated using the WT-assisted GNR fabrication method, which could enable 
tunability of plasmonic resonance in the MIR regime.  There are four steps to optimize 
in order to use BCPs as an etch mask for graphene in this way: (1) identify a neutral 
substrate (SNT) for the BCP to obtain perpendicular orientation of the BCP domains, (2) 
transfer graphene on top of the SNT substrate, (3) treat graphene on the SNT substrate 
with a mild plasma treatment to facilitate uniform coating of the BCP solution and (4) 
thermally anneal to facilitate perpendicular orientation.  Comprehensive contact 
angle/surface energy measurements revealed that the underlying SNT layer is necessary 
to orient the BCP perpendicularly; in other words, the wetting transparency of the 
graphene is a crucial consideration to orienting the BCP domains. This result, in addition 




sophisticated patterning and device integration of GNRs along with control of their 
potential control over their plasmonic properties. 
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Chapter 8:  Controlling the surface energy of polymer bilayers for 
perpendicular orientation of block copolymer thin films 
8.1 INTRODUCTION 
In Chapter 7, wetting-transparency assisted block copolymer (BCP) lithography 
was demonstrated for graphene nanoribbon (GNR) fabrication.  This methodology is 
based on control of surface energy through the graphene layer, which is atomically thin, 
and therefore, the so-called “wetting transparency of graphene”
1
 was effective.  
However, the surface energy of graphene is also affected by surface roughness and the 
quality of the graphene layer (e.g. defects, the degree of oxidization, density and nature of 
wrinkles, etc.).  These convoluted factors makes the BCP/graphene system undesirable 
for fundamental studies that require precise attention to controllable and easily 
characterized variables.  As described in Chapter 5, non-preferential or neutral wetting 
of BCP microdomains is desired for promoting perpendicular domain orientations for 
lithographic purposes.  Therefore, fundamentally understanding the effect of wetting 
transparency on BCP orientation more broadly has enormous potential to generalize this 
patterning technique to other 2D materials.
2
 
To this end, we hypothesized that surface neutrality (or non-preferential wetting) 
could be achieved by controlling the thickness of an originally non-neutral bilayer 
substrate.  A model system was designed to investigate BCP wetting behavior further 
using a bilayer substrate as shown in Figure 8.1 (a).  In this study, a lamellae forming 
poly(styrene-block-methyl methacrylate) (PS-b-PMMA) was used as a model BCP.  
Homopolymer analogues (PS and PMMA) of the BCP are utilized as each layer of the 
bilayer substrate.  As shown in Figure 8.1 (b), it is hypothesized that when the PS layer 
thickness (hPS) is thin (PMMA preferential surface) or too thick (PS preferential surface), 




preferential wetting of one block with its corresponding homopolymer underlayer.  In 
between those two thicknesses, there should be a PS thickness that induces non-
preferential wetting of PS-b-PMMA atop the bilayer and the hypothesis is that this 
wetting transition should be a reflection of the distances over which interactions can exert 
influence (more on this later). 
In the bilayer system illustrated in Figure 8.1, the PS layer thickness should be 
very thin in order to achieve wetting transparency of the PS layer.  However, often 
times, fabricating such thin, continuous polymer layers is non-trivial even with a simple 
spincoating approach due to spontaneous dewetting of the thin layer.  To address this 
issue, cross-linkable PS and PMMA homopolymers are used in this study.  With these 
polymers, relatively thick (20 nm) polymer films can be spincoated, and the thickness can 
be tailored by controlling the gel fraction of each layer.  After the cross-linking process, 
a good solvent could be used to remove the sol fraction and achieve a prescribed 
thickness.  With this approach, sufficiently thin and continuous layers of polymers were 
fabricated without dewetting. 
In order to gain physical insight into the wetting transparency, we estimated the 
free energy and van der Waals (vdW) potential of a BCP thin film on the bilayer 
substrate.  Both calculations were correlated with the experimentally observed BCP 
morphology/domain orientation on the bilayer substrates.  This work not only provides 
evidence of the physical mechanism of wetting transparency of polymer films, but also 
could also potentially yield a new route to perpendicularly oriented BCP microdomains.  
These bilayers composed of two homopolymers can be prepared without synthesis of a 
specifically tailored surface neutralization treatment (SNT) layer, which can be a time 







Figure 8.1: (a) The model bilayer system used in this study.  (b) The general concept 
of this study where the block copolymer (BCP) wetting behavior on bilayer 
substrates is expected to vary with different thicknesses of PS (hPS). 
8.2 EXPERIMENTAL 
8.2.1 Materials 
Chemicals used in this study were purchased from Fisher Scientific or Sigma-
Aldrich and used as received unless otherwise noted.  PS (Mn = 43 kg/mol, Ð = 1.07) 
was synthesized by activators regenerated by electron transfer atom transfer radical 
polymerization (ARGET-ATRP) following an established procedure.
4
  As the first layer 
of the bilayer substrate, PMMA containing 5 mol% of 4-vinylbenzyl azide (PMMA-
azide) was synthesized by conventional free radical polymerization as described in 
previous work.
5
  The azide mol% was determined using 
1
H-nuclear magnetic resonance 
spectroscopy (Varian Unity Plus 400MHz).  Omnipol BP (Bis-benzophenone: BB) was 
used as a photo-crosslinker and was provided by IGM Resins.  A lamellae forming PS-
b-PMMA (Mn for PS: 33 kg/mol, for PMMA: 33 kg/mol, Đ = 1.16) was purchased from 




8.2.2 Film preparation 
A schematic that describes the bilayer system under investigation is shown in 
Figure 8.1 (a).  First, PMMA-azide thin films with a uniform thickness (hPMMA~ 20 nm) 
were spin-coated (Specialty Coating Systems Spincoat G3-8) from toluene onto clean 
silicon wafers, and then thermally crosslinked.  Upon heating at 250°C for 5 min, highly 
reactive nitrene intermediates are generated from the azide groups in PMMA-azide, 
which form covalent adducts and cross-link PMMA.
6
  Then, the crosslinked PMMA 
was rinsed with toluene to remove soluble materials, followed by heating at 120 °C for 5 
mins.  Subsequently, PS and BB (5 wt% relative to PS weight) were co-casted atop the 
crosslinked PMMA, and then also crosslinked, but by broadband light exposure (Optical 
Building Blocks Scopelite 200).  BB possesses two benzophenone end groups on each 
side of the linear molecule, which form covalent adducts and crosslink adjacent polymer 
chains upon 254 nm UV exposure.
7, 8
  The typical intensity for exposure at a distance of 
20 mm was measured to be 700 mW/cm
2
 using a radiometer (Fieldmax TO, Coherent, 
Inc.).  The thickness of the PS layer (2-8 nm) was controlled by both the initial film 
thickness and the exposure dose.  The un-crosslinked PS and other soluble components 
were removed with toluene.  More detailed studies on the relationship between photo-
conversion of BB and the film gel fraction using an analogous photo-crosslinker can be 
found elsewhere.
7
  Lastly, the PS-b-PMMA films were spincoated on top of prepared 
bilayer substrates.  In this system, the thickness of the BCP (d) was varied from 20 - 80 
nm, corresponding to 0.5L0 - 2.0L0.  The samples were annealed at 180
o
C for 1 hour 
under vacuum to induce BCP self-assembly. 
8.2.3 Characterization 
The thickness of films prepared on silicon substrates was characterized by 




microscopy in tapping mode (AFM, Asylum Research MFP-3D Origin) was used to 
characterize the orientations of BCP microdomains.  The silicon tips used had a radius 
of 9 ± 2 nm with a resonance frequency of 300 kHz and were purchased from Asylum 
Research.  Each scan had 1024 points/line and 1024 lines, and the scan rate was 3 μm/s.  
A scanning electron microscope (SEM, Hitachi 4500) was used for top-down imaging of 
the BCP films.  Prior to imaging, the samples were O2 etched (Harrick PDC-VP) for 45 
sec to etch PMMA blocks selectively for contrast.  The periodicity of the lamellae 
structure (L0) is 40 nm determined by Fourier transform of the SEM images. 
8.3 PRELIMINARY RESULTS 
8.3.1 Microdomain orientation of block copolymer 
The bilayer substrates with a given PS thickness (hPS = 0 and 3 nm) and a constant 
PMMA thickness (hPMMA ~ 20 nm) were prepared on a silicon wafer as described in the 
experimental section.  A PS-b-PMMA film, with different thicknesses, d, was spin-
coated on top of the bilayer substrates.  Representative optical micrographs for hPS = 0 
and 3 nm are shown in Figure 8.2.  For a sample with hPS = 0 nm, i.e. a PMMA 
substrate, different topological features of PS-b-PMMA were observed.  The topology 
shown for both d = 52 and 72 nm on a substrate with hPS= 0 nm is the well-known “hole” 
structure, which is documented in the literature for PS-b-PMMA on top of PMMA 
substrates.
9, 10
  In contrast, the PS-b-PMMA on top of hPS = 3 nm bilayer substrates were 
uniform for all d.  These contrasting behaviors, which apparently depended on hPS, 
indicate that the PS layer, even only 3 nm thick, can drastically change the wetting 
behavior of the PS-b-PMMA.  In the other PS thicknesses (hPS = 3, 6, and 8 nm), neither 






Figure 8.2: Representative optical microscope images of d nm-thick PS-b-PMMA films 
on two bilayer substrates: (a) hPS = 0 nm, hPMMA = 20 nm and (b) hPS = 3 




In order to study the orientation of the BCP microdomains, AFM phase image 
analysis was conducted as shown in Figure 8.3.  For this analysis, samples with various 
PS thicknesses (hPS = 0, 3, 6, and 8 nm) on top of hPMMA = 20 nm were used.  These 
AFM phase images highlight that the orientations of the BCP are drastically affected by 
changing hPS.  For the substrate with hPS = 0 nm, i.e. a PMMA substrate, the 
perpendicular orientation of PS-b-PMMA was observed at d = 60 nm (1.5L0), which is 
consistent with previous studies.
10
  In contrast, as hPS increases, the range of d which 
show the perpendicular orientation of the PS-b-PMMA becomes wider.  In particular, 
for the system with hPS = 6 nm, a perpendicular orientation was observed over the widest 
range of d (20, 30, 50,60, and 70 nm).  Above and below hPS = 6 nm, the “window” of d 
for perpendicular orientation becomes smaller.  Thus, the perpendicular orientation of 
PS-b-PMMA on bilayer substrates was achieved, but the formation of the perpendicular 






Figure 8.3: Atomic force microscope (AFM) phase images of microdomain orientation 
of d nm-thick PS-b-PMMA on bilayer substrates with hPS = 0, 3, 6, 7-8 nm 
and hPMMA = 20 nm.  The width of each image is 1 m, and the red and 
blue squares indicate perpendicular and parallel orientations of BCP, 
respectively. 
8.3.2 Surface energy calculations for the bilayer substrates 
To understand the mechanism behind the domain orientation dependence on BCP 
layer thickness, the next phase of this study was to compare the experimental results to 
free energy predictions.  A free energy analysis was adapted from literature
11
 that takes 
entropic penalties of BCP upon confinement into account.  Using this method, the BCP 
domain orientation between air and either PS or PMMA rich substrates can be predicted 
as a function of d by estimating the differences in the thin-film free energies of the 
possible orientations (perpendicular or parallel to the substrate).  Free energies of PS-b-
PMMA thin films confined between dissimilar interfaces (air and substrate) were 
calculated as reported by Walton et al. 
11




copolymer is modeled using PS and PMMA constituents and these relationships are 













































































v      (8.2) 
where the free energies, F, are normalized by the bulk values, Fbulk, and subscripts h and 
v correspond the horizontal and vertical orientation, respectively.  The material 
parameters are defined as 1 = PS/Air/PS/PMMA, 2 = PS/sub/PS/PMMA, 1 = 
(Air/PMMA−Air/PS)/PS/PMMA and 2 = (PMMA/sub−PS/sub)/PS/PMMA ≈ 2PS−1 where ‘sub’ 
indicates substrate.  The surface energies and interfacial energies at 180
o
C were adapted 
from literature as PS/Air = 30.1 dyne/cm, PMMA/Air = 29.6 dyne/cm, and PS/PMMA = 1.30 
dyne/cm.
12
  These interfacial energy parameters are calculated for the PS-rich substrate 
(PS = 0.9) and the PMMA rich substrate (PS= 0.1).  Here, PS = 0.9 was chosen to 
mimic the condition of a PS-rich substrate, because varying PS from 0.80 to 0.99 did not 
alter the d values that give perpendicular orientation of BCP domains.  The values used 
as input for this estimation are summarized in Table 8.1 at the temperatures considered.  





 1 2 1 2 
PS rich (PS = 0.9) 23.1 0 -0.351 22.7 
PMMA rich (PS= 0.1) 23.1 1 -0.351 -23.1 





The normalized BCP thin film free energies (F/Fbulk) are plotted as a function of 
reduced thickness (d/L0) and shown in Figure 8.4.  Note that this plot assumes the BCP 
is directly coated on homopolymer-rich substrates instead of a bilayer substrate.  The 
perpendicular orientation of the BCP is only energetically favorable when Fparallel > 
Fperpendicular.  On a PS rich substrate (Figure 8.4 (a)), the BCP prefers to orient 
perpendicularly only when d = nL0, while the BCP with d = (n+0.5)L0 prefers a 
perpendicular orientation on PMMA rich substrates (Figure 8.4 (b)), where n represents 
an integer.  This result agrees with observations in Figure 8.3, which shows the 
perpendicular orientation at d = 1.5L0 for PMMA (hPS = 0 nm) substrate.  However, this 
calculation cannot explain the microdomain orientations for other PS thicknesses.  Since 
a perpendicular orientation of PS-b-PMMA atop the bilayer substrate was experimentally 
observed for a broad range of d, it can be concluded that the BCP wetting behavior on the 
bilayer substrate deviated from the wetting behavior of either homopolymer substrate.  
Consequently, the bilayer substrate with 3-8 nm of PS thickness effectively yielded 
wetting transparency from the PMMA underlayer.  Also, this result suggests that the 







Figure 8.4: Estimated free energies of a BCP layer on (a) PS-rich and (b) PMMA-rich 
substrates as a function of d/L0. 
Predicting interfacial energy in a multi-layer system is often very challenging.  
However, we simplified the system by assuming that the vdW force is the dominating 
factor for prediction of the interfacial energy.  The vdW potential for the bilayer 
substrate was estimated using Eq. 8.3 in order to gain further insight into the interfacial 
energies between PS-b-PMMA and the bilayer substrate.  For this estimation, the 
contribution of short-range interactions was neglected since these effects only become 



















   (8.3) 
APS-PMMA/PS and APS-PMMA/PMMA are the Hamaker constants of PS-b-PMMA on PS 
and PMMA substrates, respectively.  These constants were estimated using Eq. 8.4 
along with literature values for dielectric constants ) and refractive indices (n) of the 
materials in Table 8.2, assuming that the vdW forces are spatially uniform.
14
  Here, 
material 3 is air, and 1 and 2 are neighboring materials such as PS-b-PMMA and PS or 


















 J, respectively. 
  















































  (8.4) 
 
 Air PS PMMA PS-b-PMMA 
n 1 1.582 1.482 1.51 
 [1/sec] 1 2.5 3.6 3.6 
Table 8.2: Refractive indices (n) and dielectric constants () and used in this study. 
By substituting the calculated Hamaker constants into Eq. 8.3, the vdW potential 
of the BCP () on top of the bilayer system was predicted.  Figure 8.5 shows  as a 
function of hPS for PS-b-PMMA thickness of d = 20 – 80 nm.  The symbols correspond 
to the orientation of the BCP based on the AFM phase images presented in Figure 8.3.  
The change of (d,hPS) with hPS is more dramatic as d decreases, meaning that the 
interfacial energy is less sensitive to hPS for larger d.  This trend can also be observed in 
Figure 8.5: the symbols based on the AFM observations are mostly consistent for all hPS 






Figure 8.5: The vdW potential (as a function of PS thickness (hPS) and PS-b-PMMA 
thickness (d).  The symbols represent the microdomain orientation of PS-b-
PMMA observed using phase images of AFM. 
This calculation can be practically useful to estimate pairs of d and hPS, which 
induce perpendicularly oriented BCP on a bilayer substrate.  It should also be noted that, 
since the entropy contribution was ignored, the expression may have some limitations.  
For example, the perpendicular orientation of the BCP can be entropically prohibited 
even if the expression predicted “neutral.”  However, this simple estimation can serve as 
a useful initial step toward understanding how the long range vdW potentials and free 





In this study, we have successfully prepared a PS/PMMA bilayer substrates and 
systematically varied the BCP thickness, d, at various hPS and fixed hPMMA to investigate 
how the PS thickness affects the BCP orientation on a bilayer substrate.  A 
lithographically useful perpendicular orientation of the BCP microdomains on a bilayer 
substrate was observed for specific pairs of hPS and d.  This unique BCP wetting 
behavior was clearly different from those on PS and PMMA rich substrates, as confirmed 
by comparing experimental observations with calculated thin film free energies.  
Finally, the vdW potential calculations agreed well with experimental observations of the 
BCP orientation, indicating that this simple estimation could be a useful guide to design 
bilayer substrates.  From these observations, we demonstrated that the thin PS layer 
exhibits wetting transparency, and it significantly altered the orientation of BCP 
microdomains. 
8.5 FUTURE WORK 
8.5.1 Characterization of bilayer substrates 
Even though we carefully designed a PS/PMMA bilayer substrate, confirmation 
of the bilayer structure would reinforce our arguments.  For example, additional AFM 
examination of the surface of the bilayer would be helpful to prove uniformity of the 
bilayer substrates.  We would also expect to see a typical wetting behavior of PS-b-
PMMA on a PMMA substrate with a thick (~20 nm) cross-linked PS substrate based on 
an assumption that the PS substrate is chemically and physically uniform. 
8.5.2 Cross-sectional structure of BCP microdomains 
The perpendicular orientation of the lamellar structure of PS-b-PMMA was 




perpendicular orientations are observed on the surface, while microdomains are oriented 
parallel nearer to the substrate depending on interfacial interactions.
15
  Additional cross-
sectional SEM observations would confirm whether the structure of the BCP in this study 
is perpendicular throughout the entire cross section. 
8.5.3 Experimental approach for estimation of the vdW potential 
In Section 8.3.2, we showed that the vdW potential at the interface between a 
BCP and a bilayer substrate was affected by thin PS layers.  To confirm the changes in 
the vdW potential with varying thicknesses of PS layers, force curve experiments using 
AFM could be effective.  The experiment setup will be similar to existing studies on 
PMMA grafted substrates in the literature,
16
 but an AFM tip grafted by PS-random-
PMMA with a ratio of PS:PMMA =1:1 would be more representative of our system. 
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APPENDIX A: GLASS TRANSITION TEMPERATURE, SELF-DIFFUSION COEFFICIENT, AND 
EFFECTIVE VISCOSITY OF POLYMER THIN FILMS 
A.1 Glass transition temperature measurements using ellipsometry 
A spectroscopic ellipsometer (J.A. Woollam M-2000D) was used for the 
measurement.  The Cauchy model was employed to fit the film thickness and the A, B, 
C parameters as defined in the manual of the ellipsometer in the wavelength range of 
400-900 nm.  The thickness of the specimen film was measured on cooling from 120 to 
10
o
C at a cooling rate of 2
o
C/min.  The measurement took place in a custom-made 
chamber purged with argon gas to avoid water condensation.  The Tg was the point 
where the slope of thickness versus temperature plot changes qualitatively.  We 







































)(   (A.1) 
where c is the value of the film thickness at T = Tg, and w is the width of the transition 
between the rubbery and glassy states.  In this study, the value of w was restricted to be 
smaller than 35
o
C considering the temperature range of the Tg measurement. M and G 
correspond to the thermal coefficients of expansion of the rubbery and glassy state, 
respectively. 
A.2 Bulk zero-shear viscosity measurement 
The zero-shear viscosity, , of PiBMA was measured with a TA Instruments 







.  Figure A.2 displays the zero-shear viscosity as a function of 



















0 exp        (A.2) 
assuming the reference temperature, Tr, to be 85
o
C, whereat the zero-shear viscosity was 
0 = 2.17⨯10
6
 Pa∙s.  From the fits, we determined that c1 = 11.3, c2 = 42.6
o
C.  The best 
fit line is shown by the solid line in Figure A.1. 
 
 
Figure A.1: Zero-shear viscosity as a function of temperature measured by a TA 
Instruments AR2000 rheometer (circles).  The solid line represents the best 
fit to the WLF equation (Eq. A.2).  
A.3 Thin film effective viscosity measurements 
The effective viscosity of a film was determined by studying how the power 
spectral density (PSD) evolved with annealing time, t, at the measurement temperature, T.  
To obtain the PSD, we first measured the surface topography of the film by using 
tapping-mode atomic force microscopy (AFM).  Then each set of topographic data was 
converted to its PSD by multiplying the data with a Welch function then Fourier-
transforming it.
2-5




PSD.  It is important to mention that we limited the annealing times to within the initial 
roughening stage, where the film roughness was less than 10% of the average film 
thickness, and no holes were detectable by AFM. These steps ensured that linear analysis 
was applicable.  Figure A.2 displays the effective viscosity ηeff obtained from thick films 
of PiBMA/SiOx (h0 = 120nm) plotted versus temperature.  The solid line in the same 
graph denotes the zero-shear viscosity measurement of the bulk polymer reported above.  
Good agreement between different measurements is apparent. 
 
 
Figure A.2: Illustration of the ηeff of thick films (h0 = 120nm) of PiBMA/SiOx measured 
by AFM (circles).  The solid line denotes the best WLF fit to the bulk 
viscosity measured by a rheometer.  
A.4 Determination of the Hamaker constant of the PiBMA/SiOx films 
After we acquired a series of PSD curves at various t, the effective viscosity ηeff 
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 (A.4) 
and Mtot  h0
3
/(3eff).  The other parameters, namely t, T, h0, G(h0) and γ, were fixed as 
follows.  The time t, temperature T and film thickness h0, were set equal to the 
experimental values.  The surface tension γ was determined by fitting the high-q portion 
of the PSDs to the expression
2
2






.  Physically, it means that the amplitude 
of the capillary wave modes with high q’s had reached equilibrium when the 
experimental time was sufficiently longer than the relaxation time (= 1/(q)) of the 
mode.
6
  The fitted values of γ typically lie between 0.03 and 0.05 N/m, which are 
consistent with published values.
7
  As for the van der Waals potential, G(h0), we 
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where AHAM is the Hamaker constant and generally varies with h0.  To determine AHAM 
of the PiBMA/SiO2 system, we optimized the PSD fits at several different thicknesses by 
co-varying the values of ηeff and AHAM.  Specifically, the optimization was achieved by 
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Figure A.3 shows plots of the 
2
 parameter and ηeff versus AHAM for PiBMA/SiOx 
films with h0 = 10, 15 and 120 nm.  From this figure, one sees that the optimized value 
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of AHAM, is independent of the film thickness.  In addition, thinner films are more 
sensitive to the value of AHAM than thicker films. Based on this result, we adopt −1 × 
10
−19
 J for the AHAM of the PiBMA/SiOx films. 
 
 
Figure A.3: Plots of the mean-square percentage difference 
2
 (blue) and ηeff (black) 
versus Hamaker constant, AHAM, assumed for the PiBMA films with h0 = (a) 
10, (b) 15 and (c) 120 nm.  In each plot, the arrow indicates the optimal 
Hamaker constant that minimizes 
2
.  The optimal Hamaker constants of 




A.5 Adsorbed layer thickness measurements 
The thickness of the irreversibly adsorbed layer of PiBMA was measured using a 
procedure detailed in a previous study.
9




was spin-coated on a base-washed Si wafer with 1.5 nm thick native oxide, and annealed 
at 120 
o
C for 20 min under vacuum.  This PiBMA film was then annealed at 106 
o
C for 
18 h under a slow argon purge to mimic the FRAPP measurement environment.  After 
the annealing, the film was placed on the spin-coater for 45 s at 3500 rpm where it was 
washed 5 times with tetrahydrofuran (THF), a good solvent for PiBMA.  The film was 
then soaked in 100 mL THF for 10 min to remove any remaining unattached PiBMA.  
After washing the surface with isopropanol and drying with filtered air, the thickness of 
the residual layer, or irreversibly adsorbed layer, was measured by a spectroscopic 
ellipsometer (J.A. Woollam M-2000D) using a wavelength range of 500 nm to 1000 nm.  
The spot size of the incident light beam of the ellipsometer was 5 mm in diameter, and 
the thickness was measured at five different locations.  For an un-annealed sample, 
irreversibly adsorbed PiBMA layer was not observed within the resolution of the 
spectroscopic ellipsometer.  Table A.1 shows the thickness and optical constants of the 
adsorbed layer at different locations on the sample.  The Cauchy model of the refractive 
index (n) as a function of wavelength () was used for the fittings (n() = A + 
B/C/4).  The optical constant A for the adsorbed layer in the Cauchy model was 
1.31, which is smaller than Abulk (1.46), and is consistent with a previous study.
10
  From 
these measurements, the adsorbed layer thickness was determined to be 0.9 ± 0.3 nm.  
The adsorbed layer thickness was observed to be independent of additional annealing 
time at 106
o
C (7 separate samples were examined between 0 and 40 hours of annealing), 
indicating the adsorbed layer thickness was established during the 120
o
C at 20 min 
anneal.  Furthermore, the average adsorbed layer thickness from the 7 samples in this 















0.67 0.78 0.60 1.31 0.88 0.9 0.3 
A 1.430 1.273 1.475 1.136 1.253 1.313 0.138 
B -0.153 -0.104 -0.146 -0.039 -0.088 -0.106 0.046 




APPENDIX B: UNDERSTANDING THE INFLUENCE OF INTERFACIAL INTERACTIONS ON 
GLASS TRANSITION TEMPERATURE AND SELF-DIFFUSION COEFFICIENT 
B.1 Miscibility of PCHE and PiBMA 
Miscibility of PCHE and PiBMA was examined by differential scanning 
calorimetry (DSC).  PiBMA and PCHE were mixed in a 1:1 weight ratio and annealed 
at 200
o
C for 20 min under vacuum to achieve a homogeneous mixture.  The Tg of the 
mixture was measured by DSC with a heating rate of 10
o
C/min as shown in Figure B.1. 
Both the first and second heating cycle exhibit two different Tgs, which confirms that 
PiBMA and PCHE are immiscible. The midpoint Tg of neat PiBMA and PCHE are listed 
in Table B.1. 
 
 
Figure B.1: DSC heating scans of a mixture of PiBMA and PCHE with a heating rate of 
10
o





scan, respectively.  The solid arrows are the midpoint Tg of the PiBMA 











 scan Tg [
o
C] 
PiBMA 58.2 58.1 
PCHE 144 146 
Table B.1: Tg of PiBMA and PCHE evaluated by DSC with a heating rate of 10
o
C/min. 
B.2 Fitting of Tg data to an empirical equation 
Relationships between Tg and PiBMA film thickness (h) were obtained by fitting 




, where , and  
are the fitting parameters as listed in Table B.2. 
 
 
Air/PiBMA/SiO2 Air/PiBMA/PCHE PCHE/PiBMA/SiO2 PCHE/PiBMA/PCHE 

[nm]
3.78 6.57 10.7 8.28 
 3.42 2.65 4.04 4.30 
Table B.2: Fitting parameters for Tg-h relationship. 
B.3 Viscosity measurement of bulk PiBMA 
The zero-shear viscosity of PiBMA was measured by a rheometer by changing its 






.  Figure B.2 shows the zero-shear viscosity as a 

















       (B.1) 
where, o = 1.61 × 10, c1 = 28.8, and c2 = 160
o
C are the fitting parameters and Tr = 85
o
C 
is the reference temperature. The fitting curve obtained by Eq. B.1 is shown as a solid 





Figure B.2: Zero-shear viscosity as a function of temperature measured by a shear 
rheometer.  The solid line represents the best fit by the WLF equation as 






APPENDIX C: ULTRASMOOTH POLYDOPAMINE MODIFIED SURFACES FOR BLOCK 
COPOLYMER NANOPATTERNING ON FLEXIBLE SUBSTRATES 
 
Figure C.1: Long-time thickness and static contact angles of PDA coatings on bare Si 
wafters (green open triangle) before (red open circle) and after (blue open 





Figure C.2: Representative SEM images of PDA-coated Si wafers after (a) 0.5 h, (b) 1 h, 
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Figure C.3: Representative SEM images of PDA-coated Si wafers after(a) 0.5 h, (b) 1 h, 
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Figure C.4: Representative SEM images of perpendicularly oriented PS-b-PMMA 
domains on (a) PTFE brush SAM, (b) Teflon tape, (c) polyimide thin film, 





Figure C.5: Representative SEM images of (a) unsuccessful nanopatterning on Teflon 





APPENDIX D: LARGE AREA FABRICATION OF GRAPHENE NANORIBBONS BY WETTING 
TRANSPARENCY-ASSISTED BLOCK COPOLYMER LITHOGRAPHY 
D.1 Atomic force microscopy (AFM) 
Atomic force microscopy (AFM) was used to image the GNR after etching.  The 
data was collected on an Asylum Research MFP-3D Origin AFM. The silicon tips used 
had a radius of 9 ± 2 nm with a resonance frequency of 300 kHz and were purchased 
from Asylum Research. Each scan had 1024 points/line and 1024 lines, and the scan rate 
was 3 μm/s. 
 
 
Figure D.1: AFM images of GNR arrays with a width of (a) 13 nm, (b) 22 nm, and (c) 
51 nm.  The image in (a) is more faint due to the small size of the 




D.2 Orientation of BCP microdomains on mild plasma treated graphene without 
SNT 
 
Figure D.2: SEM image of orientations of BCP on mild plasma treated graphene without 
an underlying SNT layer.  The perpendicular orientation was patchy and 
only observed in a few isolated areas. 
D.3 Young’s contact angle (Y) calculation 
Advancing contact angle (A) and receding contact angle (R) were obtained by 
fitting dynamic contact angle as a function of time (t)) with a Fourier series (n = 8) as 






























































where an and bn are the amplitudes of (t) and T is the characteristic time.  
Young’s contact angle (Y), equivalent to the static contact angle, was calculated using 
Tadmor et al.’s theory
12
 as shown in Eq. D.3.  The calculated A,R, and Y are shown 








































      (D.3) 
In order to calculate the propagations of error for Y from A andR, the partial 
derivative of Eq. D.3 was calculated as shown in Eq. D.4-8.  Here, A and R are the 
standard deviation of each contact angle for five measurements. 
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Figure D.3: A sample analysis of dynamic contact angle.  The open diamond symbols 
represent the dynamic contact angle of water on bare SNT substrate.  The 
dotted line shows the fitting using an 8
th
 order of Fourier series.  The 
obtained A and R are shown as broken blue lines. 
D.4 Surface energy calculation 
Surface energies were calculated from Y for water (water) and DIM (DIM) using 
the Owens-Wendt model
13
 as shown in Eq. 7.1
13







































represent the dispersive and polar components of liquid X 
(DIM and water), respectively, and these values were taken from literature.
13
  Constants 
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21.8 51.0 50.8 0.00 
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